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Summary
During embryogenesis tissues bend, fold, and fuse to create the complex shapes of nu-
merous organs and structures in the body. Epithelial fusion events are a common de-
velopmental theme often occurring to seal a gap after epithelia were drawn together.
Dorsal closure in mid-embryogenesis of Drosophila melanogaster serves as a paradigm
for such epithelial fusion events. During dorsal closure, two lateral epidermal sheets are
drawn towards the dorsal midline to fuse in a process called zipping.
Cells of opposing sheets fuse according to their anterior-posterior compartmental iden-
tity. Thereby, matching cells form large lamellar overlaps that subsequently shorten and
transform into normal cell-cell contacts. In the first part of this thesis, I investigated the
lamellar overlap organization during zipping. I established correlative light and electron
microscopy to study the compartmental identity of cells in correlation with the question
whether there is a left/right pattern with respect to which lamellae is on top of the other.
Such a pattern would reveal an intriguing new possibility for a cell type-specific mech-
anism of cell-cell recognition. I investigated eight different zipping sites and describe the
cell-cell interactions in a qualitative and quantitative manner. The majority of studied
zipping sites showed a common organization of lamellar overlaps within the anterior and
posterior compartment. Anterior cells from the left side protruded underneath opposing
anterior cells, whereas posterior cells from the left side protruded over posterior cells
from the right side. My data provides evidence that besides the anterior-posterior com-
partmental identity, which is known to be instructive in cell-cell recognition, left-right
asymmetry is of importance.
In the second part of this thesis, I studied the microtubule organization and microtubule
end morphology in the distal part of the cells forming the leading edge of the closing
epidermis. Recent data suggested the importance of microtubules and cortex-tethered
dynein as force-generators during mid zipping. It remained elusive how a force produced
at the proximal part of a leading edge cell could be transmitted to the distal part to
result in the constriction of the interacting cells. I employed electron tomography of
XI
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serial plastic sections and showed that the microtubule organization, dynamics, and an-
choring appeared different in the distal part of a leading edge cell during mid zipping.
The unexpected microtubule organization shows that more data is needed to sufficiently
explore possible force transmission mechanisms.
In the last part of this thesis, I describe the establishment of cryo-electron tomography
(cryo-ET) for embryogenesis of Drosophila melanogaster. Cryo-ET allows studying ul-
trastructures with near-to-life preservation at unprecedented resolution. I tested two
different sample preparation methods to yield a small sample volume for cryo-ET ana-
lysis, namely cryo-sectioning and cryo-focused ion beam milling (cryo-FIB). While I
achieved ultrastructural understanding of fly embryos by cryo-ET of re-vitrified frozen
sections, cryo-FIB/SEM proved to be the more challenging technique. Despite several
attempts, technical problems prevented the recording of cryo-electron tomograms. I
conclude that cryo-sectioning and subsequent cryo-ET is the most promising technique
for obtaining ultrastructural insights into fly biology.
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Zusammenfassung
Morphogenetische Ereignisse sind durch Beugung, Faltung und Zusammenschliessen von
Geweben charakterisiert. Dadurch entstehen die komplexen Formen zahlreicher Organe
und Strukturen im Ko¨rper. Das Verschliessen von Epithelien ist ein ha¨ufiges Motiv
wa¨hrend der Embryonalentwicklung. Nachdem die Epithelien zusammengezogen wur-
den, verschliessen deren Ra¨nder ein Loch. Die dorsale Schliessung, die wa¨hrend der Mitte
der Embryonalentwicklung von Drosophila melanogaster stattfindet, stellt ein Modell fu¨r
einen solchen Verschluss von Epithelien dar. Wa¨hrend der dorsalen Schliessung werden
zwei laterale Epidermisschichten zur dorsalen Mittelline gezogen, um in einem Prozess
zu fusionieren, der als Zipping bezeichnet wird.
Zellen von gegenu¨berliegenden Epithelschichten fusionieren entsprechend ihrer ante-
rioren-posterioren Kompartimentidentita¨t. Zusammengeho¨rende Zellen bilden grosse,
lamellare U¨berlappe, welche anschliessend verku¨rzt und in normale Zell-Zellkontakte
umgewandelt werden. Im ersten Teil dieser Doktorarbeit untersuchte ich diese lamellare
Membranu¨berlappungsstruktur wa¨hrend des Zippings. Dafu¨r etablierte ich korrelative
Licht- und Elektronenmikroskopie. Damit studierte ich zugleich die Kompartimentiden-
tita¨t der Zellen sowie die Frage, ob ein links/rechts-Muster existiert im Zusammen-
hang mit der oben/unten Anordnung der lamellaren U¨berlappe. Eine solche Anordnung
würde eine faszinierende, neue Mo¨glichkeit für einen Zelltyp-spezifischen Mechanismus
der Zell-Zell-Erkennung aufzeigen. Ich untersuchte acht verschiedene Zipping-Stellen
und schildere die Zell-Zell-Interaktionen sowohl qualitativ als auch quantitativ. Die
Mehrheit der untersuchten Zipping-Stellen wies eine gemeinsame Organisation der lamel-
laren Membranu¨berlappe innerhalb des anterioren und des posterioren Kompartiments
auf. Anteriore Zellen der linken Seite tauchten unter gegenu¨berliegende anteriore Zel-
len ab, wohingegen sich posteriore Zellen der linken Seite u¨ber posteriore Zellen der
rechten Seite erstreckten. Meine Daten erbringen einen Hinweis darauf, dass zusätz-
lich zur anterioren-posterioren Kompartimentsidentita¨t, welche ausschlaggebend fu¨r den
Zell-Zell-Erkennungsprozess ist, eine Links-Rechts-Asymmetrie wichtig zu sein scheint.
XIII
Summary
Im zweiten Teil dieser Arbeit untersuchte ich die Organisation von Mikrotubuli und
deren Endmorphologie innerhalb des distalen Teils von Epithelzellen der vordersten
Reihe. Neueste Daten legten die Bedeutsamkeit von Mikrotubuli und kortikal veranker-
tem Dynein als Kra¨ftegeneratoren wa¨hrend der Mitte des Zippings nahe. Es blieb un-
klar, wie eine solche Kraft, die im proximalen Teil der Epithelzellen der vordersten Reihe
produziert wird, in den distalen Teil der Zelle u¨bertragen werden kann, um eine Kon-
striktion der interagierenden Zellen auszulo¨sen. Ich wendete Elektronentomographie von
seriellen Plastikschnitten an und zeigte, dass die Organisation, die Dynamik und die Ver-
ankerung der Mikrotubuli anders im distalen Teil der Epithelzellen der vordersten Reihe
wa¨hrend der Mitte des Zippings vorliegt. Die unerwartete Mikrotubuli-Organisation
zeigt auf, dass mehr Daten notwendig sind, um mo¨gliche Kra¨fteu¨bertragungsmechanis-
men ausreichend zu erforschen.
Im letzten Teil dieser Doktorarbeit beschrieb ich die Etablierung von Kryo-Elektronen-
mikroskopie (cryo-ET) zum Studium der Embryonalentwicklung von Drosophila melano-
gaster. Cryo-ET erlaubt die Untersuchung der Ultrastruktur mit naturgetreuer Struk-
turerhaltung und beispiellos hoher Auflo¨sung. Ich testete zwei verschiedene Proben-
vorbereitungen, um ein kleines Probenvolumen fu¨r die Cryo-ET Analyse zu erhalten,
na¨mlich Kryo-Schneiden und die Abtragung biologischen Materials mittels Kryo-fokuss-
iertem Ionenstrahl (cryo-FIB). Wohingegen ich ein Versta¨ndnis fu¨r die Ultrastruktur
von Fliegenembryonen mittels Cryo-ET von re-vitrifizierten, gefrorenen Schnitten erlan-
gen konnte, erwies sich cryo-FIB/SEM (cryo-FIB kombiniert mit Rasterelektronenmik-
roskopie) und anschliessender Kryo-Elektronentomographie als die kompliziertere Meth-
ode. Trotz zahlreicher Versuche machten technische Probleme das Aufnehmen von Kryo-
Elektronen- tomogrammen unmo¨glich. Ich schlussfolgere, dass Kryo-Schneiden und an-
schliessende Kryo-Elektronentomographie die vielversprechendere Methode darstellt, um
Einsichten in die Ultrastruktur der Fliege zu erlangen.
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1 Introduction
1 Introduction
1.1 Drosophila melanogaster is a versatile model organism
The common fruit fly Drosophila melanogaster is a powerful model organism for biolo-
gical research. During the last 100 years its importance for the understanding of cell
biological and developmental processes was shown in a multitude of occasions. Studies
in Drosophila were awarded with four Nobel prizes: the genetic inheritance (Morgan
[1910]), the damage of chromosomes by radiation (Muller [1927]), the genetic control of
early embryonic development (Nu¨sslein-Volhard and Wieschaus [1980]), and the mech-
anisms of the innate immune system (Lemaitre et al. [1996]) were elucidated in the fruit
fly. Today, Drosophila remains a popular, wide-used model organism for the study of a
diversity of biological questions - from genetics to development to physiology to patho-
logy to behavior, to only name a few.
In the Brunner lab, we use Drosophila to study epithelial fusions. Epithelial fusion
events are a commonly employed motif during development (Martin and Wood [2002]):
e.g. during ventral enclosure in Caenorhabditis elegans, during neural-tube closure in
vertebrates, during palate fusion in mammalian embryos, and during wound closure
(Kiehart and Galbraith [2000]). In Drosophila, a process during mid embryogenesis
closes a dorsal epidermal gap. Dorsal closure (DC) is a paradigm for epithelial fusion
events; knowledge gained on this model morphogenetic event regarding signaling mo-
lecules and cytoskeletal rearrangements might be widely applied to the aforementioned
fusion events (Martin and Wood [2002], Harden [2002]).
In the next section, I give a rough overview on Drosophila embryogenesis and high-
light in more detail two developmental processes that were interesting for this study;
namely the segmentation of the embryo along the anterior-posterior body axis and dorsal
closure.
1
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1.2 Drosophila melanogaster embryogenesis
Drosophila melanogaster undergoes a quick life cycle of nine to ten days at 25◦ C, render-
ing it an attractive model organism. After embryogenesis, Drosophila undergoes three
larval and a pupa stage before reaching adulthood. These metamorphic developmental
stages are accompanied by dramatic changes of the body plan.
Drosophila completes embryogenesis within 24 hours at 25◦ C. A detailed summary
on the embryogenetic events can be found in Campos-Ortega and Hartenstein [1985].
After fertilization of the egg, the nuclei undergo 13 mitotic divisions (Turner and Ma-
howald [1976]). The nuclei approach the surface of the egg in a step-wise manner.
Thereby, nuclei of somatic cell buds, of polar buds and the yolk are specified. The pole
cells will give rise to the germ cells at later stages. During the syncytial stage, all nuclei
reside in a common cytoplasm without barriers except the cell membrane of the whole
egg. The syncytial blastoderm stage is followed by cellularization. Invaginations of the
egg membrane surround individual nuclei, thereby specifying the somatic cells. During
gastrulation, germ layers are formed, endoderm, mesoderm, and ectoderm. Gastrula-
tion comprises ventral furrow invagination, cephalic furrow formation, and germ band
elongation. These major morphogenetic movements result in the formation of mid- and
hindgut structures, a pocket containing the pole cells, as well as wrapping of the embryo
by mesodermal and ectodermal cells. During germ band elongation, the ectodermal cells
become patterned into parasegments and later into segments. This event is tightly genet-
ically controlled and sets up the anterior-posterior body axis. More details are provided
in section 1.3. Later, the germ band retracts posteriorly, unfolding the amnioserosa
(AS) tissue. This extraembryonic tissue fills the dorsal opening (see also figure 2 A, B).
During dorsal closure, the epithelial gap is closed by the convergence of the two lateral
epidermal sheets towards the dorsal midline. Dorsal closure is specified in more detail in
section 1.4. The extensive morphologic cellular rearrangements are completed by the in-
volution of the head and embryogenesis is continued with the larval developmental stages.
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1.3 A tight genetic control patterns the Drosophila melanogaster em-
bryo along its anterior-posterior body axis
Studies on the patterning of the early Drosophila melanogaster embryo have given great
insight into the development not only of insects, but humans alike. During development,
segments within the fly embryo are specified, representing repeated units along the length
of the embryo, that are further autonomously defined. Thereby, a regulated patterning
of later emanating structures such as the larval tracheal, nervous and muscular system
is ensured (Krzemien et al. [2012]). Vertebrate development is also characterized by
segment development, for instance during the specification of the spinal cord vertebrae
along the anterior-posterior axis from neck to caudal.
Great insights on how the fly embryo is patterned have been derived from a systematic
screen searching for mutations that affect early embryonic patterning, winning the No-
bel prize in 1995 (Nu¨sslein-Volhard and Wieschaus [1980]). By screening for alterations
of the stereotyped denticle pattern within the cuticle, the screen identified the precise
regulation of a gene cascade in space and time, patterning the embryo along its anterior
to posterior body axis.
Within the next paragraphs, I will introduce this hierarchy in more detail, as reviewed
in “Principles of Development, Wolpert et al., 5th edition”.
A common theme in development are transcription factors that regulate in serial steps
the expression of the next genes in a hierarchical manner. This sequential expression sets
up positional information along the body axis. Determination of the anterior-posterior
axis of a fly embryo (see figure 1 A) starts via maternal genes, comprising the mRNA
and proteins deposited by the mother in the forming egg. For instance, the morphogen
Bicoid forms an anterior-posterior gradient specifying the a-p axis.
The maternal genes activate the expression of zygotic genes that are expressed from
the nuclei of the developing embryo. The first set of zygotic genes, the so called gap-
genes, define broad regions. During the syncytial stage, all nuclei of the embryo share a
common cytoplasm. Gradients of morphogens such as Hunchback and Knirps are thus
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Figure 1: Development of the Drosophila melanogaster anterior-posterior body axis.
(A) Segmentation cascade patterning the embryo along its anterior-posterior axis through
the tight spatiotemporal control of maternal genes, gap gens, pair-rule genes, segmentation
genes and homeotic selector genes. (B) Patterning of the embryo in parasegments and further
segments. The concerted intercellular communication of Engrailed, Wingless, Hedgehog
and Patched ensure the establishment of segment boundaries. (C) Specification of cells of
each segment into either anterior or posterior compartmental identity by the segmentation
genes engrailed and wingless. Cells of differing compartments never intermingle. Both a
parasegment and segment boundary are formed. (D) The repetitive segments are further
specified into gnathic, thoracic or abdominal identities by the action of homeotic selector
genes.
established via diffusion without hindrance by cell membranes. The gap genes repres-
ent transcription factors themselves that interact, thereby sharpening the boundaries
between broader domains. Hunchback, for instance, represses knirps expression.
Next, the parasegments, seven smaller periodic domains are defined by pair-rule genes.
Each of the seven transverse stripes is autonomously initiated by the concerted action
of local combinations of gap-gene transcription factors. Even-skipped specifies the odd-
numbered parasegments, whereas fushi tarazu defines the even-numbered parasegments
within the syncytial embryo (figure 1 A), shortly before cellularization starts (Martinez-
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Arias and Lawrence [1985]).
This stage serves as a basis for the next segmentation round by segmentation genes,
leading to patterning of the parasegments on either side of the parasegment boundary
into segments (reviewed by Sanson [2001]). The segments are out of register relative
to the parasegments, where each segment is made up of the posterior part of one para-
segment and the anterior part of the next one (figure 1 B). The activated segmentation
genes comprise not only transcription factors, but also signaling molecules enabling in-
tercellular communication within the cellularized, gastrulating embryo. In response to
the pair-rule genes, the transcription factor Engrailed is expressed within the anterior
border of each parasegment, as is the secreted signal protein Hedgehog (figure 1 B).
Hedgehog signaling via the Patched receptor in the adjacent cell on the other side of
the parasegment boundary initiates the expression of Wingless. Both Wingless and
Hedgehog stabilize the boundary by a positive feedback loop by promoting their mutual
expression. The transcription factor Engrailed is expressed within 14 stripes along the
anterior-posterior axis throughout the life time of the fly to establish and to maintain
the posterior identity of cells (Kornberg [1981], Morata and Lawrence [1975]). By the
concerted action of the segmentation genes each of the 14 segments (see figure 1 D) along
the anterior-posterior axis comprises two compartments, two different cell-lineages. The
anterior and posterior cells never intermingle and actively sort into the respective com-
partment (1 C). Thereby, two boundaries are established: the parasegment boundary
between the anterior-posterior interface that represents a lineage-restriction boundary;
and a segmental boundary between the posterior-anterior interface, where segmental
folds will form (Larsen et al. [2003]). Further, the compartment boundary becomes
visible on the ventral epidermis of the abdomen, where anterior cells produce denticles
within their cuticle and posterior compartmental cells remain naked. Two hypotheses
for the maintenance of the compartment boundaries have been proposed. The cell-
lineage restriction within the compartments needs to resist cell proliferation and tissue
deformation events during development. Possible mechanisms are either differential cell
adhesion, as proposed by Steinberg (reviewed in Steinberg [2007]) or differential mechan-
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ical tension (reviewed in Monier et al. [2010], and Dahmann et al. [2011]). Whereas the
differential cell adhesion hyopthesis proposes a difference (qualitative and / or quantit-
ative) of adhesion molecules, the differential mechanical tension stresses the differential
surface contraction. A locally generated mechanical tension via actin-myosin enrichment
could allow for active sorting of cells when in contact with wrong neighbors.
The hierarchical sequence of patterning is followed by the action of homeotic selector
genes that further specify the identity of the segments into gnathal, thoracic and ab-
dominal identity (1 D). The selector gene Abdominal-A, for instance, is expressed in
parasegments 7 to 13, causing those to adapt the abdominal fate.
1.4 Dorsal closure
A hole on the dorsal side of the embryo is exposed during germ-band retraction (figure 2
A and B). The closure of this hole occurs during mid embryogenesis and is termed dorsal
closure. This morphogenetic process controls the proper sealing of the epithelial gap.
The hole is not void, but comprised of amnioserosa cells (figure 2 B). Amnioserosa cells
are extraembryonic and do not contribute to the adult tissue, as they undergo apoptosis
during closure of the dorsal hole (Jacinto et al. [2002b], Toyama et al. [2008]). Dorsal
closure starts when the amnioserosa cells decrease their apical surface, thereby bringing
the two lateral epidermal sheets closer to the dorsal midline (Kiehart and Galbraith
[2000], Jacinto et al. [2002b]). In the epidermal cells, morphogenetic changes occur as
well. Epidermal cells elongate along their dorso-ventral axis and a special set of cells
is specified as leading edge cells (Jacinto et al. [2002b]). Those cells form the interface
with the amnioserosa cells and the dorsal hole. Within the leading edge cells, a thick
supracellular actomyosin cable is formed (Kiehart and Galbraith [2000], Jacinto et al.
[2002a], figure 3). The force of this cable contributes to the dorsal closure process. To
seal the dorsal gap, the two lateral epidermal sheets converge in a coordinated fashion
and meet at the anterior and posterior canthus (figure 2 C), which mark off the ends of
the eye-shaped opening. This process is termed zipping.
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Figure 2: Dorsal closure during mid embryogenesis of Drosophila melanogaster.
(A) - (D) Scanning electron microscopy images of Drosophila embryos during mid embryo-
genesis (from sdbonline.com). Dorsal view. (A) Stage 12 embryo at the end of germband
retraction. (B) Stage 13 embryo, where the AS tissue is exposed and flanked by two lat-
eral epidermal sheets that begin to move towards the dorsal midline. (C) Stage 14 embryo
undergoing dorsal closure. The zipping from the two canthi seals the gap successively and
completely closes the hole as shown in (D), embryo at stage 15.
Dorsal closure is a paradigm for embryonic epithelial fusions (Martin and Wood [2002]).
Knowledge on the involved cytoskeletal elements and signaling pathways might be ap-
plied to analogous epithelial fusion events (Harden [2002]), such as ventral enclosure in
C. elegans, neural-tube closure in vertebrates, palate fusion in mammalian embryos, as
well as wound closure (Martin and Wood [2002], Kiehart and Galbraith [2000]). Genetic
approaches are more readily facilitated in Drosophila compared to genetic modifications
and assessment of vertebrates, such as mice. Thus, the study of dorsal closure is an
invaluable model system to gain insight into complex morphogenetic cell movements.
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Figure 3: Forces contributing to dorsal closure.
(A) Cartoon of an embryo undergoing dorsal closure. The pulsed apical constriction
of individual AS cells contributes forces for displacement of the lateral epidermal sheets
towards the dorsal midline (blue arrows). The supracellular actomyosin cable within the LE
cells contributes further to dorsal closure (red arrows). Finally, the zipping force at the two
canthi drags opposing epidermal sheets together, resulting in a completely sealed epidermis
(green arrows). From Solon et al. [2009].
1.4.1 Forces contributing to dorsal closure
There are three major forces contributing to dorsal closure: a contractile actomyosin
cable within the leading edge (LE) cells, apical constriction of the amnioserosa cells,
and the zipping force. To which extent those forces contribute to dorsal closure remains
a topic of debate, as multiple contradicting models were proposed. The forces and ac-
companying models for force contribution during dorsal closure are introduced in more
detail below:
Actomyosin cable within the leading edge cells. At the onset of DC, epidermal cells
elongate along their dorso-ventral axis (Kaltschmidt et al. [2002]). A special set of cells,
the leading edge cells, become specified via Jun amino-terminal kinase (JNK) signaling
(Jacinto et al. [2002b]). Within the leading edge cells, activation of the planar cell po-
larization pathway via non-canonical Wingless signaling results in the redistribution of
several cell-surface associated proteins (such as Flamingo, Discs Large and Dishevelled)
in the plane of the epithelium (Kaltschmidt et al. [2002]). The planar polarization res-
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ults in reorganization of the actin cytoskeleton, as actin-nucleation centers (ANCs) are
assembled at the level of adherens junctions (AJs). Thereby, a thick actomyosin cable is
formed comprising filamentous actin (F-actin) and non-muscle myosin II (MyoII). The
cable runs along the anterior-posterior body axis within each LE cell, facing the dorsal
opening. JNK signaling is not necessary for the formation of those ANCs, but is later
essential for the maturation of ANCs and proper actin dynamics (Kaltschmidt et al.
[2002]). The actomyosin cable is formed as a supracellular cable, spanning the whole
dorsal opening. The actomyosin cable within each cell is connected to neighboring cells
via adherens junctions (Eltsov et al. [2015]). It was suggested that the actomyosin cable
acts as a contractile purse-string (Young et al. [1993], Kiehart and Galbraith [2000],
Jacinto et al. [2002a], Franke et al. [2005]), thereby contributing to the convergence of
the epidermal sheets towards the dorsal midline. The suggested additive force model
predicted that both the actomyosin cable and the apical constriction of amnioserosa
cells (described below) would produce force in excess. Both forces would exceed the
tension within the lateral epidermis that retards the forward progression of the leading
edge cell. Thus, both forces would make comparable contributions to dorsal closure, and
one force could compensate the lack of the other (Kiehart and Galbraith [2000], Hutson
et al. [2003], Franke et al. [2005]).
Apical constriction of the amnioserosa cells. The apical constriction of the amni-
oserosa cell surface is another force contributing to dorsal closure. It was suggested
that at the onset of DC the amnioserosa cells start to constrict their apical surface in
a gradual manner (Kiehart and Galbraith [2000], Franke et al. [2005]). The flanking
epidermal sheets would be dragged towards the dorsal midline. The apical constriction
is dependent on MyoII activity, as is the contractility of the supracellular actomyosin
cable (Franke et al. [2005], Pasakarnis et al. [2016]). Improved time-lapse recordings
revealed, that the apical constriction of AS cells even starts before the onset of DC and
does not occur gradually, but rather in a pulsed fashion (Solon et al. [2009]). These
finding led to a new proposed model, the so called ratchet model. Solon and colleagues
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proposed that the pulsed AS apical constriction would result in local dorsal displace-
ment of LE cells that would shorten their part of the actomyosin cable. The dorsal
displacement of LE cells would be fixed and the actomyosin cable would act as a clutch
or ratchet, preventing the LE cells to retract again to the ventral side when the AS cells
relax (Solon et al. [2009]). Thus, both apical AS cell constriction and the actomyosin
cable would act in a cooperative manner, ensuring proper dorsal closure progression.
However, recent data from the Brunner lab challenges the necessity of the actomyosin
cable, thus dismissing the ratchet model (Pasakarnis et al. [2016]). Pasakarnis and col-
leagues acutely knocked-down MyoII-activity in either the AS tissue or the epidermis,
thereby selectively removing force from one of the tissues. They show that the AS tissue
is able to drive DC without the actomyosin cable, whereas the cable alone is not suffi-
cient for proper closure (Pasakarnis et al. [2016]). Thus, DC would rather be a single
tissue-driven closure event than a system established by the cooperation of several forces.
Zipping force. The final force for dorsal closure comes from the zipping process.
When the two lateral epidermal sheet are brought in close proximity, epidermal cells
from the opposing sides establish contacts via cellular protrusions (Jacinto et al. [2000]).
Zipping proceeds from the anterior and posterior side of the dorsal opening, sealing
the epidermal sheets in a zipper-like fashion (figures 2 C and 3). Until recently, actin-
mediated protrusion shortening was thought to account for the generation of the zipping
force (Jacinto et al. [2000], Millard and Martin [2008]). However, the employment of
large-volume electron tomography gave insights into the ultrastructural organization
during zipping and dismissed the protrusion-shortening as a generator of force (Eltsov
et al. [2015]). Eltsov and colleagues propose microtubules (MTs) as an alternative zip-
ping force generator. This is specified in more detail in section 1.6.
Other force contributors. AS cells decrease their cellular volume during the onset of
dorsal closure. Caspases initiate the apoptotic program of AS cells. The resulting cell
volume decrease promotes tissue contraction and results in tissue shrinkage, promoting
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DC progression (Saias et al. [2015]). Apoptosis was further shown to contribute force
later during dorsal closure to the AS tissue (Toyama et al. [2008]). Some AS cells un-
dergo apoptosis and delaminate from the AS tissue. The produced force both facilitates
cell extrusion and promotes closure.
1.5 Cell-cell recognition during zipping
A pivotal role for filopodia in guiding the zipping process has been established (Jacinto
et al. [2000], Millard and Martin [2008]). Filopodia most likely act as sensors, allowing a
cell to realize its positional information in regard to its neighboring cells. By exploring
the cellular environment, guidance cues or suitable cells for attachment can be recognized
(Millard and Martin [2008]). The importance of filopodia dynamics and morphology is
emphasized in mutants with impaired actin cytoskeleton (dominant-negative Cdc42).
These embryos either show no zipping at all or severe mismatches (Jacinto et al. [2000],
unpublished data Brunner lab). Filopodia were also assumed to re-align cells when ini-
tial matching of opposing compartment was not precise at single-cell resolution (Millard
and Martin [2008]).
Recent data from the Brunner lab visualized the complex cell-cell interactions at the zip-
ping site by employing large-volume 3D electron tomography (figure 4 C, Eltsov et al.
[2015]). Based on the interaction morphology of opposing cells, zipping was subdivided
into open, early, mid, and late zipping stages (figure 4 A). Filopodia were observed
during the open and early zipping stages, when first contacts were established. These
contacts are transformed into simple, single lamellar overlaps. Overlaps occur during
early and mid zipping and provide a large interaction surface between opposing LE cells.
We hypothesized, that in addition to filopodia large lamellar overlaps could represent
ideal sites for recognition and cell-cell communication.
Very interestingly, Millard and Martin described that zipping of opposing cells occurs
in a compartment-specific manner (Millard and Martin [2008]). Anterior cells from one
side zip with opposing anterior cells, and posterior cells only zip with opposing posterior
11
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Figure 4: Cell-cell recognition during zipping.
(A) The zipping progress can be subdivided into several stages based on the interaction
morphology of opposing LE cells. Electron micrographs (sample embryo beta, see part 3)
of cross-sections through the embryo and simplified sketches representing the characterist-
ics of open, early, mid, and late zipping. (B) The opposing epidermal cells match in a
compartment-specific manner. Posterior cells are labeled in red, anterior ones in green.
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Dorsal view; stills from time-lapse recordings showing the dorsal hole during closure (i) and
the whole embryo after DC was finished (ii). Adapted from Millard and Martin [2008]. (C)
3d reconstructions of the complex cell-cell interactions at the zipping site. Apical and basal
view onto the opposing LE cells. The contact area between cells is mainly accounted for by
single, simple lamellar overlaps that become especially visible in the basal view. Adapted from
Eltsov et al. [2015]. (D) A possible recognition mechanism during zipping, where different
recognition molecules (ligand/receptor pairs) are present depending on the anterior or the
posterior compartment. (E) Another conceivable mechanism involving both the anterior-
posterior identity of cells and a left-right asymmetry accounting for differential localization
of a recognition molecule. If true, the lamellar overlap organization at the compartment
boundary would switch (i), (ii). Interestingly, this mechanism could also account for the
fact that cells from the same compartment on the same side never fuse (i), although forming
complex, intertwining contacts.
cells (figure 4 B). They also observed that matching could occur between cells of the
same compartment but of another segment, leading to X- and Y-shaped mismatching
phenotypes (Millard and Martin [2008]).
Several mechanisms for cell-cell recognition during zipping are conceivable: 1) One
is, that matching of opposing cells is mechanically constrained by the actomyosin cable
within the LE cells. Cells could only establish contacts with their correct counterparts
and no recognition mechanism would ensure proper matching. Arguing against this hy-
pothesis is the fact, that initial mismatches occur frequently. Mismatches can be sorted
out: Recognition occurs on at least two levels. First, cells meet according to their com-
partmental identity (Millard and Martin [2008]). These initial contacts can sometimes
be imprecise, when a cell within a compartment does not contact the correct opposing
cell within the opposing compartment. Sorting occurs after first interactions between
opposing cells were formed and after lamellar shortening took place (force generation
during zipping, see next section). Cells establish their correct partners within the op-
posing compartment and establish permanent adhesion structures.
2) Cell-cell recognition could also be achieved if each cell within the epidermis would
possess a unique set of recognition cues that could only be recognized by one opposing
cell. The lamellar overlap pattern during zipping would appear random.
3) Another conceivable hypothesis on the cell-cell recognition process attributes qualit-
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ative different recognition molecules to either the anterior or the posterior compartment
(figure 4 D). Cells could distinguish whether they are contacting an anterior or a pos-
terior cell. If LE cells would possess recognition cues depending on their compartmental
identity, the lamellar overlap of opposing cells would appear random. Independent on
the anterior or posterior identity, cells would sometimes protrude over the opposing cell
and sometimes underneath. No pattern of the lamellar overlap organization would be-
come eminent.
4) We could think of yet another hypothesis on how cell-cell recognition is achieved.
This hypothesis is based on a very interesting observation. LE cells from one side form
not only contacts with opposing cells, but also with cells from the same side (Eltsov
et al. [2015]). However, those neighboring cells would never zip and fuse. Somehow, the
cells can distinguish neighboring cells that are from the same side from opposing cells.
This implies the presence of a left-right asymmetry, as is later present during Drosophila
embryogenesis (Spe´der et al. [2006]). As shown in the cartoon in figure 4 E, correct
matching of opposing cells according to their compartmental identity could be achieved
when a left-right axis is included. Imagine that dependent on a left-right asymmetry and
the compartment, the recognition cues (it could be the same for the two compartments)
would be differentially localized along the apico-basal membrane. Thus, correct recog-
nition of anterior-anterior (i) and posterior-posterior cells would be achieved (ii). Since
the recognition molecules would be positioned in the same way for cells from the same
compartment and the same side, no permanent interactions between neighboring cells
could be established (iii). If this last hypothesis was true, one could observe a regulated
pattern along the zipping site. The lamellar overlap organization would change at the
compartment boundaries. The behavior of an anterior cell would distinguish from a
posterior one, and the behavior of a left cell would be likewise distinguishable from a
right one.
Testing these suggested hypotheses could be achieved by analyzing the lamellar overlap
organization during zipping and simultaneously deciphering the compartmental identity
of cells. Correlative light and electron microscopy (CLEM) could be used as a technique
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and is further introduced in section 1.7.2.
1.6 Force generation during zipping
Traditional EM suggested that interactions between opposing LE cells were highly com-
plex and cells were highly intertwined (Jacinto et al. [2000]). The authors proposed that
actin-mediated protrusion shortening would generate the zipping force.
Many lines of evidence highlight the importance of another cytoskeletal element - that
of microtubules - for the zipping process. Microtubules transiently reorganize at the
onset of dorsal closure (Kaltschmidt et al. [2002]). Microtubules distribute apically
within epidermal cells in anti-parallel bundles along the dorso-ventral axis (Jankovics
and Brunner [2006]). The dependence on microtubules for zipping was shown, when mi-
crotubules were globally destabilized with the drug colcemid, or enzymatically severed
by the protein Spastin (Jankovics and Brunner [2006]). The importance of the dynam-
ics of MTs was further proved when the MT-stabilizing drug taxol was injected into
embryos undergoing DC (Adamczyk [2016]). Observed zipping delays and zipping ar-
rests underline the importance of MTs during zipping. Recently, large-volume electron
tomography data elucidated the cell-cell interactions at the zipping site with improved
resolution, and most of all in a 3D environment (Eltsov et al. [2015]). The overlapping
cells from the opposing epidermal sheets formed no complex interactions, but rather a
single lamellar overlap that was shortened during mid zipping (figure 4 A). The complex
intertwined interactions observed by Jacinto et al. [2000] actually represented interac-
tions between neighboring cells (Eltsov et al. [2015]). Injection of the actin-filament
disrupting drug Latranculin B affected immediately both the tension within the AS tis-
sue and the actomyosin cable (Eltsov et al. [2015]). Interestingly, zipping stopped with
a delay that was most likely accounted for by observed tissue disintegration. These
findings speak against the hypothesis of force-generation by actin-mediated protrusion
shortening. On the contrary, Eltsov and colleagues suggest another force-generating
mechanism. Both actin and MTs were identified in protrusions of opposing cells during
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early zipping, whereas actin bundles were not visible in the lamellar overlaps during mid
zipping. Tomographic analysis allowed for the identification and distinction of micro-
tubules and their end polarity: The lamellar overlaps during mid zipping were full of
plus end microtubules (Eltsov et al. [2015]). Unexpectedly, the presence of more shrink-
ing than growing microtubules that were situated end-on at putative cell-cell adhesion
sites of mid-zipping LE cells was observed (figure 1.6 A). This pointed towards a sig-
nificance of freely depolymerizing MTs, since within an equilibrium more MTs are in
the state of growth, that takes kinetically longer than the catastrophe event (Kirschner
and Mitchison [1986]). The authors suggested a force-generation mechanism involving
shrinking MTs and the minus-end directed motor protein Dynein. Reminiscent to spindle
positioning within C. elegans or human cells (Nguyen-Ngoc et al. [2007], Kotak et al.
[2012]), membrane-tethered dynein would capture incoming MTs plus ends, and pull on
them by walking towards their minus end even while microtubules are depolymerizing
(figure 5 B, I). The produced zipping force drags opposing epithelial sheets together.
Studies interfering with various protein domains of Dynein could not definitely establish
the importance of dynein for the zipping process, as the experimental set-up did not
allow for depletion of maternally contributed Dynein mRNA and protein (Adamczyk
[2016]).
If microtubules are the generator of the zipping force, the question remains how pulling
on and depolymerization of MTs could be transferred into forward movement of the
whole LE cell. Knowledge is needed on the MT organization and dynamics within the
distal part of the LE cell, where they contact epidermal cells of the second row (figure
1.6 B, II). Are microtubules also anchored at the distal part? Is the antiparallel or-
ganization of the MT bundles an indication for MT sliding? Could MT motors such as
dynein crosslink and slide MTs, resulting in the shrinkage of the LE cell (Tanenbaum
et al. [2013])?
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Figure 5: Force generation and transmission during zipping.
(A) Isosurface representation of opposing LE cells during mid zipping. Within the green LE
cell, shrinking MTs (green lines with blue balls) are in close proximity to the cell cortex and
to adhesion sites (purple balls). From Eltsov et al. [2015]. (B) Whereas the ultrastructural
organization of MTs was elucidated at the proximal part of a LE cell (I), the organization
at the distal part remains unclear (II). Structural studies will give insight on how force
transmission of the zipping force occurs from the proximal to the distal part of the LE cell.
1.7 Structural analysis by electron microscopy / tomography
1.7.1 A short introduction to electron microscopy and tomography
Imaging is one of the most, if not the most important method that facilitates biolo-
gical studies. By observing biology on various scales, one achieves great functional and
structural insight: Microscopy enables direct imaging of single proteins, macromolecular
assemblies, organelles, cells, tissues, and organs. Various microscopy techniques have
been developed to study biological phenomena at different resolutions and scales. With
medical imaging, such as magnetic resonance imaging and computer tomography scans,
whole organs are captured, but the resolution is limited to 1 mm. Biological imaging,
such as light microscopy (LM) and especially fluorescence light microscopy (FLM), en-
ables time-lapse recordings of proteins of interest within their physiological surroundings
at a resolution of approximately 50 to 200 nm. The resolution in LM is limited by the
wavelength of light (Law of Ernst Abbé). The utilization of electrons for imaging by
electron microscopy (EM) improves the resolution to less than 1 nm, giving great de-
tailed insight into the cellular ultrastructure and context.
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Light microscopy and electron microscopy follow common principles. Instead of a lamp,
LED or laser providing photons for light imaging, electrons are emitted from an electron
gun for EM. In LM, glass lenses such as the condenser and the objective adjust the
number of photons to generate contrast, magnification, and focus. Glass lenses are sub-
stituted in EM with electromagnetic lenses that have basically the same function. Both
photons and electrons penetrate and interact with the specimen. The resulting image is
recorded on cameras. In transmission electron microscopy (TEM), contrast in an image
is produced by the diffraction of electrons within the specimen (Vanhecke et al. [2011]).
The elastically scattered electrons are recorded on CCD cameras. The best contrast is
achieved by staining of the specimen with heavy metals, such that the electrons are more
strongly scattered. In scanning electron microscopy (SEM), mainly secondary electrons
are used for biological imaging. Those have a lower energy than the primary, penetrat-
ing electrons and provide information on the surface topography of a specimen that is
recorded with a detector similar to a photomultiplier. Transmission electron microscopy
is very similar to wide-field light microscopy, whereas scanning electron microscopy can
be compared to confocal laser scanning microscopy.
A variation of electron microscopy is electron tomography (ET, reviewed in Vanhecke
et al. [2011]). Thereby, a comprehensive description of the 3D ultrastructure is achieved.
ET has proved to be a very powerful tool for structural insights into a whole yeast cell
(Ho¨o¨g et al. [2007]), and into a whole zipping site during dorsal closure in Drosophila
(Eltsov et al. [2015]). The principles of ET are depicted in figure 6. A tilt series of
2D electron micrographs is recorded for different incremental tilt angles (figure 6 A).
These recorded projections (figure 6 B) are computationally aligned and processed in
order to yield a tomogram (figure 6 C). A tomogram represents electron densities of the
investigated sample in 3D. Electron tomography allows for great insight into subcellular
organization and is vital for structural analyses.
The majority of any biological specimen consists of water. Therefore, the samples
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Figure 6: Electron tomography and the reconstruction of 3D volumes.
(A) A tilt series of 2D transmission electron micrographs (also termed projections) is
recorded at different angles for the specimen of interest (section). Therefore, the specimen
holder is tilted incrementally around an axis that is perpendicular to the electron beam
and projections are recorded on a CCD camera. (B) Schematic representing the recorded
projections of a specimen of interest at the various tilt angles. (C) Those projections are
aligned and computationally processed via weighted backprojection to yield the so called
tomogram, representing the 3D volume of the imaged specimen. Adapted from Gru¨newald
et al. [2003].
need to be modified to resist the vacuum and the energetic electron beam in an electron
microscope. In a first step for transmission electron microscopy preparation, the sample
is fixed either chemically or via cryo fixation. Next, the samples are freeze-substituted,
meaning they are dehydrated, often in combination with heavy metal staining. The
heavy metals unspecifically bind to sub-cellular structures, e.g. uranyl acetate tends to
bind to lipid and proteinaceous structures. Thus, the contrast for imaging is improved.
Sample preparation is followed by replacing the water molecules with a resin that is
hardened either with heat or UV-polymerization. The hard material is sectioned and
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thin samples are introduced into the electron microscope. Thinning has to be performed
for many biological samples. The maximum thickness that can be imaged is limited by
the acceleration voltage of the electrons. In current microscopes, this is limited to a
maximum of 300 kV. Therefore, samples should not exceed a thickness of a few hundred
nanometer.
Both LM and EM are meaningful imaging techniques, with advantages and draw-
backs. Combining the power of both imaging modalities and bridging scales holds greater
informative value. Obviously, the detrimental sample preparation steps of dehydration,
freeze-substitution with heavy metal staining, heat and UV-polymerization quench any
fluorophore tremendously. The challenge of combining both LM and EM therefore lies
in establishing a sample preparation compromise.
1.7.2 Correlative Light and Electron Microscopy
Fluorescence microscopy of labeled proteins enables live imaging of dorsal closure and
staging of the process. In addition it allows identifying the compartmental identity of
each cell. However, it lacks the z-resolution required to resolve the lamellar overlaps of
interest and to unambiguosly assign them to particular cells. Electron tomography in
contrast, provides the necessary resolution, but it cannot provide the segment identity
of cells and staging of the process is extremely difficult. Therefore, such studies can
only be done with combined light and electron microscopy. Correlative Light and Elec-
tron Microscopy (CLEM; also termed correlated microscopy, de Boer et al. [2015]) is a
state-of-the-art technique used to tackle various questions that so far were difficult to
approach with a single imaging modality.
Correlative light and electron microscopy (CLEM) combines the virtues of different
imaging modalities. CLEM enables the correlation of functional and structural ana-
lysis, thereby bridging scales and resolutions. Conventional fluorescence light microscopy
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(FLM) allows for the identification of proteins of interest and the study of dynamic pro-
cesses of a large field of view with an axial resolution of 200 nm. Combining specificity
and dynamics of FLM with the increased resolution of electron microscopy, further re-
vealing the cellular context, opens new avenues for the investigation of a plethora of
biological questions.
Although the advent of super-resolution microscopy overcomes the diffraction barrier
of light and pushes the limits of axial resolution to 20 - 50 nm (Willig et al. [2007],
Betzig et al. [2006]), the information on the whole cellular context is still missing and
thus super-resolution microscopy is rather an alternative method for conventional fluor-
escence light microscopy than a competitive approach to correlative microscopy.
Not one CLEM-experiment is similar to another, although they all follow the same
theme. Different variants of CLEM have been developed in order to tailor experimental
techniques to the specific question at hand (de Boer et al. [2015]). CLEM experiments
differ in the specific method employed for light and electron microscopy, in finding back
the region of interest, and accordingly in the applied probe for correlation.
De Boer and colleagues give an overview on different CLEM procedures and point out
that the specimen, the intended preparation and preservation, and available microscopy
set-ups determine the CLEM approach (de Boer et al. [2015]). CLEM enabled even
the correlation of rare and fast events such as membrane trafficking by the help of a
dedicated rapid transfer system. Thereby, highly dynamic processes within mammalian
cells are imaged via FLM and quickly cryo-fixed by high-pressure freezing in less than
5 seconds (Verkade [2008]). Various approaches how to find back the region of interest
were developed. Correlation can be achieved via direct correlation of fluorescent fidu-
cials such as quantum dots that have an intrinsic fluorescence and are electron-dense for
visualization via EM (Nisman et al. [2004]). Other strategies relied on the identification
/ creation of distinct landmarks via lasers (Spiegelhalter et al. [2014], Kolotuev et al.
[2010]), knifes (Sjollema et al. [2012]), grid patterns (Verkade [2008]), and targeted mi-
crotomy (Kolotuev et al. [2012]). Integrated systems have been developed to circumvent
possible loss of the sample during the transfer from one to the other microscope and
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to ease the correlation. On these integrated systems both LM and EM are performed
within one microscope on the very same sample (Agronskaia et al. [2008], Karreman
et al. [2009], Peddie et al. [2014]).
Since the sample preparation for light and electron microscopy are mutually exclusive,
many labs focus on the development of new probes for facilitation of CLEM. Simply put,
two schools can be distinguished: Although both rely on genetically encoded probes for
CLEM major differences manifest in the sample preparation.
On the one hand, in-resin fluorescence retention is aimed for. The fluorescence signal
is preserved due to compromises made during the sample preparation process, namely
reduced heavy metal staining and a sophisticated, long lasting freeze-substitution pro-
tocol. The fluorescent signal is preserved through sample steps such as cryo-fixation,
dehydration, infiltration in resin, and UV-polymerization. The fluorescence is recorded
after sample preparation and correlated with electron microscopic images of the very
same region, allowing for a very high accuracy. In-resin fluorescence retention was suc-
cessfully achieved in zebrafish (Nixon et al. [2009]), C. elegans (Watanabe et al. [2011]),
yeast and mammalian cell culture (Kukulski et al. [2011]), and Drosophila (Fabrowski
et al. [2013]). These studies have given insights into diverse biological processes such
as microtubule dynamics in fission yeast (Kukulski et al. [2011]) or the sub-cellular loc-
alization and correlation of various proteins with super-resolution microscopy and EM
(Watanabe et al. [2011]).
The other approach for CLEM relies on the ability of a certain probe to fluoresce
and further to produce an electron-dense stain for electron microscopy. Either via
photo-oxidation or via peroxidase activity an osmiophilic precipitate of diaminobenzidine
(DAB) is generated. Grabenbauer and colleagues studied the sub-cellular localization of
various proteins, such as a Golgi-resident protein, by producing oxygen radicals during
bleaching of GFP (green fluorescent protein) that photo-oxidized DAB (Grabenbauer
et al. [2005]). Another study proved the correct localization of proteins to their respect-
ive organelles via the miniSOG construct, that is capable to intrinsically fluoresce and to
create singlet oxygen upon blue-light illumination, thereby creating a DAB stain in close
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proximity to the miniSOG fusion protein (Shu et al. [2011]). Another probe generating
an electron-dense DAB stain via peroxidase activity is APEX2 (Lam et al. [2015]).
I aim to use the power of CLEM to study the cell-cell recognition process during
zipping to answer whether the lamellar overlap organization follows a certain pattern
that could indicate a certain mechanism regulating matching.
1.7.3 Cryo-electron tomography achieves superior structural insight
Cryo-electron microscopy (cryo-EM) is at the forefront of modern structural biology for
the visualization of macromolecular complexes within the cell (Pierson et al. [2011]).
Cryo-electron tomography (cryo-ET) bridges the resolution gap between cellular and
structural biology and is an indispensable tool for analysis of biological samples in an
unperturbed, close-to physiological state (Yahav et al. [2011], Harapin et al. [2013]).
Cryo-ET circumvents the adverse effects of conventional sample preparation steps em-
ployed for ET of plastic sections at room-temperature. More precisely, dehydration,
heavy metal staining, and radiation are avoided, facilitating the study of macromolecu-
lar structures in their native environment (Lucˇicˇ et al. [2013]). The sample is transformed
into a vitrified state by cryo-fixation, such as high-pressure freezing or plunge-freezing.
Vitrified water at cryogenic temperatures below -140 ◦C possesses the same volume as
does water at room temperature. Contrary to ice crystals, the ultrastructure is preserved
within a vitrified sample (McDonald [1999], Vanhecke et al. [2011]).
Both conventional electron tomography at room temperature and cryo-ET must over-
come an obstacle during sample preparation. Many biological samples exceed the max-
imum thickness that can be imaged by current electron microscopes. Cryo-sectioning
and cryo-focused ion beam milling are established thinning methods for the creation
of thin sections for cryo-microscopy. In cryo-microscopy, image contrast is generated
by the different elastic diffraction of electrons in the sample. Since a biological sample
consists mainly of elements with a low atomic number and thus electrons, the achieved
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Figure 7: Structural analysis of supramolecular assemblies by cryo-ET.
A Cryo-tomographic slice showing a focal adhesion site within a mammalian cell with
aligned actin filaments. B Corresponding surface-rendering view of the focal adhesion with
actin filaments (brown), membranes (blue), and many adhesion-related particles (green).
(A) and (B) from Patla et al. [2010]. C A surface-rendered representation of the nuclear
lamina formed by C. elegans lamin (yellow) that was injected into a Xenopus laevis oocyte.
Nuclear pore complexes of the underlying Xenopus nuclear envelope are depicted in red. From
Grossman et al. [2012]. D A surface-rendered view of a blood platelet spread on a collagen
fiber (pink). The plasma membrane (blue), actin (brown), and microtubules (cyan) were
segmented. From Sorrentino et al. [2016]. E Surface-rendered grazing view of the nuclear
pore comlex of Xenopus laevis. 20 A˚ resolution were achieved by cryo-ET in conjunction
with subtomogram averaging. The top of the cytoplasmic ring is shown in light brown, the
bottom of the nucleoplasmic ring in green. From Eibauer et al. [2015].
signal-to-noise ratio is very weak compared to conventional electron microscopy that
employs additional staining with heavy metals (Pierson et al. [2011]). In addition, the
sample is highly sensitive to the electron beam. Therefore, imaging is performed in a
low dose mode, where as few electrons as possible facilitate imaging, but reducing also
the achieved contrast.
Despite the mentioned technical drawbacks, cryo-ET is a superior method for faithful
structural analysis. Numerous publications emphasize its strength in elucidating cellular
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networks and macromolecular complexes, such as the actin cytoskeleton in filopodia of
Dictyostelium at unprecedented resolution (Medalia et al. [2002], Medalia et al. [2007]).
Within the Medalia group, various macromolecular assemblies are studied with cryo-
electron tomography. A selection is shown in figure 7. For instance, great structural
insight into the actin cytoskeleton networks at native integrin-based focal adhesions
were gained (figure 7 A, B). The assembly of the nuclear lamina was elucidated in a sys-
tem, where lamin from C. elegans was injected into Xenopus laevis oocytes (figure 7).
Another project in the lab focuses on the structural analysis of blood platelets (shown
in figure 7 D) and more specifically on integrins. Moreover, cryo-ET combined with
subtomogram averaging yielded the 3D structure of nuclear pore complexes of intact
nuclei of Xenopus laevis in situ (figure 7 E).
I aim to establish cryo-electron tomography for the study of fly embryogenesis. In-
sights into the ultrastructure of flies at unprecedented resolution of samples close to a
native state are fundamental for our understanding of biological processes, such as dorsal
closure.
1.8 Aims of the thesis
Dorsal closure is a morphogenetic event occurring in Drosophila melanogaster that seals
an epithelial gap during mid embryogenesis. A process called zipping concludes dorsal
closure. Cellular protrusions from opposing epithelial LE cells sample the open space
until the gap has closed sufficiently for them to engage with their accurate counterparts.
Zipping progresses simultaneously from the anterior and the posterior opening towards
the middle and results in the sealing of epidermal sheets and formation of mature ad-
herens junctions (Jacinto et al. [2000]).
1) Cell-cell recognition during zipping
The fly embryo epidermis is neatly segmented into stripes of anterior and posterior com-
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partments. During zipping, a precise matching of cells according to their positional
identity along the anterior-posterior body axis takes place (Millard and Martin [2008]).
Filopodia were implied in guiding the cell-cell recognition process (Jacinto et al. [2000],
Millard and Martin [2008]). Recent large-volume electron tomography data of a whole
reconstructed zipping site revealed the presence of a significant, single lamellar overlap
structure (Eltsov et al. [2015]). One aim of this thesis was to test whether the nature
of these overlapping lamellae confers any positional cue. In particular, we wanted to
visualize the left/right as well as up/down organization of overlapping lamella in respect
to the compartment identities and test for an occurring pattern. To that means, I estab-
lished correlative light and electron microscopy. The analysis of eight individual zipping
sites revealed for the majority a specific pattern of overlapping lamella. Dependent on
the compartment identity and a left-right axis, anterior cells from the left side protruded
underneath opposing anterior cells, whereas posterior cells from the left side protruded
over posterior cells from the right side. These observations indicated additional import-
ance of a left-right asymmetry ensuring proper cell-cell recognition during zipping. The
left-right axis is thought to be established later during development to guide hind gut
development and rotation of the forming testis by the unconventional myosin MyoID
(Spe´der et al. [2006]).
2) Microtubule organization and morphology during zipping
Recent data by Eltsov and colleagues suggested a force-generation mechanism during
zipping that is mediated by microtubules and dynein. In that model, cortical-tethered
dynein would capture plus-ended MTs to pull on them by walking to their minus ends
and simultaneously initiate MT depolymerization (Eltsov et al. [2015]). In the second
part of this thesis, I aimed at resolving the subcellular ultrastructure of LE cells during
mid zipping by means of electron tomography. More specifically, I focused on MT or-
ganization and end morphology in the distal part of LE cells. Structural insights would
allow to speculate on possible mechanisms for transmission of force from the front, prox-
imal part of a LE cell to the distal part, resulting in the constriction of the interacting
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cells. I reconstructed and segmented 18 tomograms from serial plastic sections of the
distal part of one LE cell during mid zipping. I showed that MTs displayed both plus
and minus ends at the distal apical part of LE cells. I concluded that MTs are most
likely anchored differently at the distal part. The MTs are organized in anti-parallel
bundles, allowing in principle for sliding of individual MTs in respect to each other by
motor proteins. The importance of motor proteins in anchoring MTs to the cortex and
in possible sliding needs to be further determined.
3) Establishing cryo-electron tomography for the structural study of fly
embryogenesis
In order to study ultrastructure more faithfully, with near-to-life preservation at unpre-
cedented resolution, one takes advantage of cryo-electron tomography. In the last part
of this thesis, I describe the attempts undertaken to establish cryo-ET for fly embryos. I
employed two different thinning techniques to create thin sections of Drosophila embryos
for imaging with electron microsopy: cryo-sectioning with diamond knifes (cryo-ET of
re-vitrified frozen sections) and cryo-focused ion beam ablation (cryo-FIB/SEM and sub-
sequent cryo-ET, resulting publication included in appendix B). I conclude, that due to
technical problems faced with the latter method, cryo-sectioning is the most promising
preparation tool for cryo-ET of fly embryos.
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2 Materials and Methods
2.1 Fly work
2.1.1 Used fly stocks
All fly stocks were kept, handled and crossed using standard genetic practices.
Used fly stocks were the following:
Table 1: Utilized fly strains in this study
.
Genotype Description Source
w; enGal4,
UAS-mCherry-Moesin/Cyo
mCherry fused to Moesin to label
F-actin, spatiotemporal regulation
possible by a Gal4-driver
N. Dube, Brunner lab,
$59#2A1 and $59#3A3
w; ; 10xUAS-IVS-myr::GFP-
p10/10xUAS-IVS-myr::GFP-
p10 in
attP2
membrane-tethered GFP optimized
for enhanced transcription and
translation that can be driven by a
Gal4 driver
G. Rubin, Janelia
Research Campus
w+;
UAS-mCherry/UAS-mCherry
(7F2); UAS-mCherry/UAS-
mCherry(28F14)
cytoplasmic mCherry that can be
regulated via the UAS-Gal4 system
generated for this study
by myself
w; ; pnrGal4/Tm3, Ser pnr enhancer expressing Gal4
throughout the epidermis
BL #3039
w; ; UAS-mNeonGreen palm
2-2-1/(TmSb) (SM54 in attP2)
membrane-tethered mNeonGreen,
transcription can be regulated via
Gal4
S. Luschnig, University
of Munster
yw; ; pnr-
Gal4w+UASmCherryMoe/Tm6C,
Tb, Sb; Va
pnr enhancer expressing Gal4 and
Moesin-mCherry labeling F-actin
throughout the epidermis
E. Frei, Brunner lab
yw; UAS-myr-SNAP40-
Sw+/UAS-myr-SNAP40-Sw+
SNAP-tag tethered to membrane, can
be regulated via Gal4
original from G. Jefferis,
University of
Cambridge, outcrossed
four times
w+; ; Sqh-Moesin-GFP
(SGMCA)/Sqh-Moesin-GFP
(SGMCA)
GFP-tagged actin-binding domain of
Moesin under the control of
ubiquitously expressed promotor /
enhancer from the spaghetti squash
gene
D. Kiehart, Duke
University
w1118 white strain with isogenized
chromosomes 2 and 3
Brunner lab
yw: Sp/Cyo(y+);
MKRS/TM6B
multi-balancer stock Brunner lab
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2.1.2 Generating transgenic flies by P-element mediated insertion
The mCherry sequence was amplified from the plasmid pEntry mCherry via Phusion-
PCR (New England Biolabs) and cloned into pP(UAST) vector. The injection of w1118
flies was performed according to the standard injection protocol from the lab, using 22.5
µg of purified pP(UAST)::mCherry and 2.5 µg of pTurbo as transposase donor plasmid.
Freshly enclosed adults were crossed to w1118 flies. The offspring was screened for ex-
pression of the mini-white marker, i.e. yellow to red eye pigmentation. Single flies were
crossed to a multi-balancer stock to isolate and determine the chromosome of insertion.
Numerous stocks with different insertions on chromosome I, II, or III were obtained and
added to the Brunner lab stock collection. Cytoplasmic mCherry can be expressed with
the Gal4-UAS system, controlling for tissue- and time-specific expression (Brand and
Perrimon [1993], Phelps and Brand [1998]). A driver line with a specific promotor, such
as engrailed, that is fused to the transcription factor Gal4 results in expression of Gal4 in
posterior epidermal cells from gastrulation onwards. The transcription factor Gal4 binds
to upstream-activating sequences that are fused to the gene of interest (here mCherry)
- thus this protein is expressed under tight spatiotemporal control.
2.2 Correlative Light and Electron Microscopy
A graphic overview of the experimental steps for Correlative Light and Electron Micro-
scopy established in this study is depicted in figure 8.
2.2.1 Spinning-disc confocal light microscopy
Selecting embryos for subsequent CLEM analysis
w; enGal4, UAS-mCherry-Moesin/Cyo were crossed with w; ; 10xUAS-IVS-myr::GFP-
p10/10xUAS-IVS-myr::GFP-p10 in attP2. Embryos were collected and aged at 18◦C.
Dechorionation of embryos was performed with a 50 % hypochlorite solution (7 % javel
water) for 3 minutes. The embryos were transferred to imaging dishes (Bioswisstec,
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Imaging Dish CG 1.0) and aligned with self-made glue (glue resolved from sticky tape
with heptane). To prevent dehydration, the embryos were covered with a dextran solu-
tion (30% 40 kDa dextran from Sigma, 0.5 % NP-40 in PBS). A preselection of embryos
expressing membrane-tethered GFP in posterior cells and undergoing dorsal closure was
done using spinning-disc confocal microscopy (custom-modulated Leica DM IRBE). The
microscope was equipped with an iXon3/888 camera controlled by ANDOR IQ software.
A 63X objective was used and imaging was performed at 23 - 25 ◦C. When possible,
a time series was recorded to determine the correct progression of dorsal closure. Usu-
ally, Z-planes were acquired every µm and maximum-intensity Z-projections were further
analyzed.
Controlling for normal dorsal closure progression of the analyzed fly stock
The dorsal closure progression of the analyzed fly stock w; enGal4, UAS-mCherry-
Moesin/Cyo; 10xUAS-IVS-myr::GFP-p10 in attP2/+ was compared to that of w; en-
Gal4, UAS-mCherry-Moesin/+. Imaging was performed as described as above, using
a 25X oil-immersion objective, recording the whole dorsal closure at an axial resolu-
tion of 1µm and a time resolution of 2 minutes. The dorsal closure speed was assessed
by measuring the length of the dorsal hole from the anterior to the posterior canthus
when the posteriorly labeled protrusions of cells from the thoracic segment T1 started
to touch. The ratio of this length with the time needed to completely seal the dorsal
gap represented the dorsal closure speed.
2.2.2 Sample preparation
Vitrification by high-pressure freezing
The sample preparation was performed following the described procedures in Eltsov
et al. [2015] and Kukulski et al. [2011]. After selecting the embryos for subsequent ana-
lysis via CLEM, the embryos were cryo-protected as fast as possible. Thus, the recorded
time-lapse movie of the dorsal closure process of a specific embryo represented the actual
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stage of the dorsal closure and zipping stage very accurately. Cryoprotection of fly em-
bryos was performed using high-pressure freezing. The high-pressure freezing machine
HPM100 (Leica Microsystems) was transported to the vicinity of the spinning disc light
microscope. One embryo sample was usually frozen within 2-3 minutes after imaging.
One embryo was transferred with a thin paint-brush to the well of an acetone-cleaned,
150 µm deep, 3 mm wide aluminum platelet carrier (Engineering Office M. Wohlwend
GmbH) and covered with 1 µl dextran solution (30% 40 kDa dextran from Sigma, 0.5 %
NP-40 in PBS). The assembly was completed by placing the flat side of a B-type carrier
(Engineering Office M. Wohlwend GmbH) as lid on top. High-pressure freezing of the
sandwiched sample was performed without use of ethanol.
Puncturing the vitelline membrane
The lid of the sandwich assembly was removed with a manipulator device featuring a
3 mm wide indentation and by the help of forceps. The procedure was performed in
LN2. The cryo-protected samples were transferred in the lid of a falcon tube filled with
LN2 into the chamber of a cryo-ultramicrotome (Leica, UC6/FC6). The machine was
precooled to -150◦C to maintain the sample in a vitreous state. The vitelline membrane
of the embryos was punctured at the head region with a very fine (sharpened forceps
number 5), pre-cooled needle (LN2-temperature) in order to improve the permeability
for the dehydrating and embedding reagents during the subsequent freeze-substitution.
Freeze-substitution and resin-embedding
The freeze-substitution and resin-embedding was performed with an automated system
for reagent handling (Leica EM AFS2). The samples were placed into a well of a plastic
basket (Leica Microsystems (facing upwards, in order to facilitate optimal permeabil-
ization. The orientation of the aluminum carrier with the embryo surrounded by the
dextran solution was monitored with a stereomicroscope attached to the AFS2 system.
The samples were freeze-substituted (dehydration, fixation by heavy metals) at -90◦C for
48 hours in acetone (molecular sieve) in the presence of 0.1 % uranyl acetate (20 % stock
31
2 Materials and Methods
in absolute methanol, diluted to 0.1 % with acetone) to allow for in-resin fluorescence
retention. Following freeze-substitution, the temperature was raised to -45◦C through-
out 24 hours, continued with further incubation for 16 hours at -45◦C. The samples were
washed three times with acetone for 10 min each, and infiltrated with Lowicryl HM 20
(Polysciences) with gradually increasing concentrations for 4 hours each, starting with
10 %, followed by 25 %, 50 %, and 75 %. During the last incubation step in 75 %
lowicryl, the temperature was raised to -25◦C. Resin embedding was completed by three
incubations with 100 % lowicryl for 10 hours each, followed by ultraviolet polymeriza-
tion at -25◦C for 48 hours and further 48 hours with gradually increasing temperature
to 20◦C.
Re-orienting the embryos for subsequent cross-sectioning
The embryos were oriented flatly within the aluminum carrier from the high-pressure
freezing process. This orientation only allows longitudinal sectioning, therefore, a re-
orientation to facilitate cross-sectioning was performed. With a fine fretsaw and razorblades,
the sample-column was cut from the plastic basket and the aluminum carrier was care-
fully removed without damaging the underlying sample. The blocks were trimmed and
re-oriented on a flat surface of an Epon-Araldite column and glued via quick Araldite
(Ultra) for 90 min at 45◦C in the dark. By omitting Epon as glue, heat polymerization
at 60◦C and thus deterioration of fluorescent signal was circumvented.
Sectioning
The whole sectioning process was performed in the dark (Watanabe et al. [2011]). The
embryos were sectioned perpendicular to the anterior-posterior axis (cross-section) with
diamond knifes (MT 6858, DiATOME, size 2 mm, 45◦ angle, sectioning at 6◦) on a Cryo-
ultramicrotome (Leica EM FCS). The region of interest, the zipping site, was identified
by collecting sections throughout the sample (at least every 10 µm) to assess the position
along the anterior-posterior body axis of the embryo. The sections were either stained
with toluidine blue and observed with a conventional upright light microscope (Zeiss)
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using a 40X air objective. Alternatively, for increased resolution, the sections were im-
aged with the TEM FEI Tecnai G2 Spirit (FEI, Eindhoven). Semi-thin serial sections
(100 - 150) of 300 nm thickness were collected, spanning the whole zipping site. Sections
were transferred onto prepared copper slot grids (Agar Scientific, G2500C, 2mm x 1mm
slot, 3.05mm). Those slot grids were manually covered with a 100 nm thick-formvar film
(Fluka), that was stabilized by 8 nm carbon-coating (Bal-tec MED020). The serial sec-
tions were not further post-stained with heavy metals for increased contrast, in order to
circumvent the detrimental effects on fluorescence retention. The sections to locate the
region of interest, combined with the serial sections, allowed for assessing the identity of
the collected zipping site, namely the anterior or the posterior canthus and facilitated
the identification of the left and the right side within the sample.
2.2.3 Data acquisition
Spinning-disc confocal light microscopy
Recording the fluorescence signal of in-resin retained GFP within the plastic sections
needed to be performed as quickly after section collection as possible, best within a few
days. Although the GFP-signal was sufficient in samples that were stored six weeks be-
fore sectioning in the dark, the signal intensity was significantly decreased compared to
samples sectioned shortly after finishing freeze-substitution and resin-embedding. The
slot grids with serial sections were mounted in ddH2O onto glass dishes (Bioswisstech)
and fixed with a piece of silicone, the sections facing the glass. The water improved the
fluorescence recovery of GFP (Watanabe et al. [2011]), and the assembly was readily
(dis)mounted, easing the whole process. Spinning disc confocal light microscopy was
performed using a custom-modulated Leica DM IRBE, equipped with an iXon3/888
camera controlled by the ANDOR IQ software. Using a 63X oil-immersion objective
(NA 1.32), several images covering one section were recorded. The 488-laser (100 mW
power) was set to 30 % laser power with the AOTF, exposure time of 100 ms with an
electron-multiplying gain of 300 yielded a sufficient signal.
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2D Transmission electron microscopy
2D transmission electron microscopy was performed using the FEI Tecnai G2 Spirit with
an acceleration voltage of 120 kV. The microscope was controlled with the Gatan Digital
Micrograph software, recording images with the Gatan Orius (CCD-camera, 4k x 2.6k
pixels, 14 bit) detector at several different magnifications, spanning a range from 1400X,
with a pixel size 27.9 nm/pixel, to 13000X, with a pixel size of 3.5 nm/pixel.
2.2.4 Data analysis
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spinning disc confocal light microscopy (mCherry, DC stage)
cryo-ﬁxaon by high-pressure freezing
puncturing vitelline membrane at -150°C
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Figure 8: Experimental steps for correlat-
ive light and electron microscopy.
The reconstruction, segmentation and cor-
relation of the acquired data was achieved
with the free plugin TrakEM2 for FIJI
(Cardona et al. [2012]), run on a vir-
tual machine supplied by the Center for
Microscopy and Image Analysis (ZMB)
at the University of Zurich. Within the
TrakEM2 plugin, several layers were cre-
ated, where each represented a 300 nm
thin section. One file contained the mont-
age and alignment of subsequent LM im-
ages, another one that for the EM images.
The correlation of LM and EM images was
performed in yet another file. The LM
images were manually montaged, aligned
and the brightness and contrast normal-
ized manually. For the EM images, an automated montage of 1400x - 13000x images
was performed using the TrakEM2-integrated similarity transformation algorithm. The
montaged EM images were subsequently manually aligned and the brightness and con-
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trast manually normalized. Leading edge cells were manually segmented, creating an
arealist per cell with the brush tool. The FIJI implemented 3D viewer was used to dis-
play the 3D reconstructions of the segmented zipping site. The correlative analysis was
performed by correlating the LM image with the ultrastructural details obtained by the
EM image, relying for coarse alignment first on auto fluorescent folds and yolk granules
and for finer alignment on the cell outlines of posterior GFP-labeled cells.
2.2.5 Generation of plots and statistics
Data were analyzed, plotted and tested for statistical significance using R software. The
types of statistical test used are indicated in the figure legends. Briefly, the assump-
tion of normally distributed data was assessed by the Shapiro-test (Royston [1995]). If
the data was normally distributed, a two-sided t-test for unpaired samples (Welsh Two-
Sample t-test) was performed, if not, the Mann-Whitney U-test was performed to assess
a significant difference for compared datasets. The p-values were as follows: p-value
< 0.001 (***). p-value < 0.01 (**).
Lines and boxes within the box-and-whisker plots represent the following: The box ex-
tends from the 25th to the 75th percentiles (interquartile range), with a line at the
median where 50 % of the data is greater than that value. The whiskers indicate the
maximum and minimum values (adding / subtracting 1.5 times the interquartile range
to the 75th or 25th percentile, respectively), excluding outliers. The outliers are specified
as more / less than 3/2 times of the upper / lower quartile. The notch displays the 95
% confidence interval around the median.
Figures were generated by processing images in FIJI and Adobe Illustrator. They were
cropped, rotated, and their contrast and brightness were manually adjusted.
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2.3 Electron Tomography of plastic-embedded sections of fly embryos
A graphic overview of the experimental steps for Electron Tomography of plastic-embedded
sections employed in this study is depicted in figure 9.
2.3.1 Sample preparation
Vitrification by high-pressure freezing
Embryos were collected o/n at 18◦ (w; enGal4, UAS-mCherry-Moesin/Cyo), dechorion-
ated and aligned for imaging as described in section 2.2.1. The staging of the embryos was
performed by fluorescence light microscopy. Since three different high-pressure freezing
machines were tested, the availability of a certain fluorescence light microscope differed.
First, the Leica HPM100 (Leica Microsystems) available at the Center of Microscopy
and Image Analysis (ZMB, University of Zurich) was tested. The used microscope for
recording the mCherry-labeled filamentous actin was the LX Leica, equipped with a
Hamamatsu EM-CCD (ImageEM) camera, controlled with the Leica AF software. Used
objectives were a 20X HC Plan APO DIC oil-immersion (NA 0.7) and a 100X Plan APO
PH3 oil-immersion (NA 1.3). The impaired sample preparation, including fragmented
microtubules, could be due to the used high-pressure freezer. Therefore, also the Bal-
Tec HPM010 at the Scientific Center for Optical and Electron Microscopy of the ETH
Zurich was tested for its ability to optimally preserve the ultrastructure. The used light
microscope, to select embryos undergoing dorsal closure for vitrification, was an Olym-
pus MM, using a 20X Plan APO air objective (0.75 NA), equipped with a Hamamatsu
ORCA-Flash 4.0 V2 camera, controlled by the Metamorph software (Molecular Devices).
Also this machine did not achieve sufficient sample preservation, as observed with the
single-axis tomography data (figure 27). Therefore, yet another machine was tested, that
resulted in optimally preserved microtubule structures. The machine was also a Bal-Tec
HPM010, used by the Frangakis group at the Goethe University Frankfurt. Embryos
were selected using an inverted Axiovert 40 (Zeiss) with a 20X air objective. Those
samples were used for dual-axis tomography acquisition (figure 28).
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Freeze-substitution and resin-embedding
Puncturing of the vitelline membrane, freeze-substitution and resin-embedding were per-
formed as described in section 2.2.2, with one aberration: the heavy metal concentration
was 0.5 % uranyl acetate for optimal fixation and contrast establishment (Eltsov et al.
[2015]).
Re-orienting the embryos for subsequent cross-sectioning
The embryos were reoriented in order to facilitate cross-sectioning. To that means, the
blocks were trimmed and re-embedded in Epon-Araldite (Sigma; Epon 812, Durcupan
ACM, Dibutylphtalat for stock solution; DDSA and DMP30). Polymerization was per-
formed at 60◦C for 28 hours.
Sectioning and post-staining
The sectioning process was performed as described in section 2.2.2. Serial sections cov-
ering cells during mid zipping were selected for tomogram acquisition. For enhanced
contrast, sections were incubated with 2 % uranyl acetate in 70 % methanol, followed
by Reynold’s lead citrate. Protein A gold particles of 10 nm were applied to the grids as
fiducial markers (Aurion) for the acquisition of single-axis tomograms. Grids subjected
to dual-axis tomography were first incubated with 15 nm gold fiducials (CMC University
Medical CenterUtrecht) and later with heavy metals for enhanced contrast.
2.3.2 Data acquisition
Single-axis electron tomography
I performed single-axis electron tomography in the lab of A. Frangakis (Goethe Univer-
sity Frankfurt) with an FEI F30, run at 300 kV acceleration voltage. The microscope
was equipped with a 4 k x 4 k CCD camera, and was controlled with the FEI software.
The serial sections were flattened by exposing them to 2000 - 3000 electron counts per
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A˚2. Tilt series were recorded at 12.000x, corresponding to a pixel size of 0.9 nm/pixel
at the specimen level. The tilt series was acquired with an increment of 1.5◦, from +60
- -60◦ at a defocus of -4 µm.
Workﬂow ET of plasc secons
Drosophila embryo collecon o/n
dechorionizaon
alignment of embryos on imaging-selecon plates
spinning disc confocal light microscopy (signal, DC stage)
cryo-ﬁxaon by high-pressure freezing
puncturing vitelline membrane at -150°C
freeze-substuon with 0.5% UAc, embedding in HM20       
hardening of blocks in dark
trimming of blocks and re-embedding in Epon for orientaon 
secon pickup onto formvar, C-coated grids
electron tomography of plasc secons
seconing of blocks 
post-staining with heavy metals
addion of gold ﬁducials
UV-polymerizaon
Figure 9: Experimental steps for ET of
plastic sections.
Dual-axis electron tomography
I performed dual-axis electron tomo-
graphy in the lab of A. Frangakis (Goethe
University Frankfurt) with an FEI F30,
run at 300 kV acceleration voltage. The
microscope was equipped with a 4 k x 4 k
CCD camera, and was controlled with the
FEI software (batch tomography). The
grids were placed in the dual axis holder
from Fischerione, model 2040. The sec-
tions were flattened by exposing them to
2000 - 3000 electron counts per A˚2. Tilt
series were recorded at 9.400x, corres-
ponding to a pixel size of 1.2 nm/pixel at
the specimen level. The tilt series were
acquired with an increment of 1.5◦, from
+60 - -60◦, perpendicular to each other,
at a defocus of -0.25 µm.
2.3.3 Data analysis
The tomographic reconstructions were calculated using the eTomo package of IMOD
(Mastronarde [1997]). The majority of the reconstructed tomograms of consecutive
serial sections were not sufficiently flat and could therefore not be joined.
Automated tracing of microtubules was tested for the single-axis reconstructed tomo-
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grams with a free software package for the visualization and data analysis software
Amira, that was made available via registration with the Zuse Institute Berlin. Details
on the automatic tracing algorithm are specified in section 5.2 and the online avail-
able Amira User Guide: section “tracing tube-like structures in electron tomography”
(www.fei.com/software/amira-3d-user-guide.pdf).
The manual segmentation of microtubules, microtubule end structures, and plasma mem-
branes within the reconstructed tomograms was carried out with IMOD (Kremer et al.
[1996]) (for details see section 5.2) as described previously Ho¨o¨g et al. [2007]).
2.4 Cryo-electron tomography of re-vitrified frozen sections of the fly
embryo
2.4.1 Sample preparation
The protocol described by Sabanay et al. [1991] and Bokstad et al. [2012] was adapted
to study the ultrastructure within fly embryos. On overview of the experimental steps
for cryo-ET of re-vitrified frozen sections (VFSs) is displayed in figure 10, left side.
Drosophila melanogaster embryos (w1118) were collected on agar collection plates. The
developmental stage of the embryos was not assessed prior to sample preparation. The
embryos were dechorionated as described in (2.2.1). The embryos were transferred with
a fine paint-brush to a well of a 6-well plate containing freshly prepared Karnovsky
fixative (3% paraformaldehyde, 2% glutaraldehyde, 5mM CaCl2 in 100mM cacodylate
buffer, pH 7.4). The chemical fixation was performed at RT first for 20 min on a shaker
and further during removal of the vitelline membrane. To that means, several embryos
were aligned on a glass slide with the tip of a very fine paint-brush, then transferred
with double-sticky Scotch tape to a petridish, where they were covered immediately
with the Karnovsky fixative. A fine glass needle, prepared from a glass capillary, was
used to puncture the vitelline membrane at the anterior side of the fly embryo. After
10 min of further fixation, the vitelline membrane was removed by stroking it carefully
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off the embryo with the glass needle. The devitellinized embryos were washed several
times in 100mM cacodylate buffer, pH 7.4, for 20 minutes on a shaker at RT. Next, the
embryos were infiltrated by a saturated sucrose solution (2.3 M in 100mM cacodylate
buffer, pH 7.4) in a well of a 6-well plate on a shaker at 4◦C o/n. Next, the embryos were
embedded in 4% low-melting agarose (NuSieve GTG agarose, BioWhittaker Molecular
Applications in ddH2O) within plastic petridishes. The agarose was covered with 2.3M
sucrose after cooling below 35◦C for further infiltration o/n at 4◦C. Cubes containing the
embryo embedded in agarose were cut with a razorblade, the cubes further incubated in
2.3M sucrose for 3 hours in an Eppendorf tube on a spinning wheel at room-temperature
(RT) for cryo protection. The cubes were then glued with a drop of sucrose onto a cryo-
tome pin, such that the orientation of the embryo results in collection of cross-sections.
Rapid freezing to –120◦C was performed in the cryochamber of a Leica EM FC6 ultra
cryo-microtome (Leica Microsystems). The sections were cut at –90◦C to thicknesses of
200 nm, using diamond knifes (DiATOME) and the mentioned cryo-ultramicrome with
a feed of 0.1–0.3 mm/sec under the action of an anti-static device. Sections were trans-
ferred with a droplet of a pick-up solution (2.3M sucrose in 100mM cacodylate buffer,
pH 7.4, on ice) to glow-discharged EM grids (Quantifoil, 200 mesh copper grids; plasma
cleaner PDC-32G). The grids were rehydrated in a huge drop of ddH2O at RT for at least
2.5 h. For re-vitrification, the grids were withdrawn from the water. 15 nm colloidal
gold fiducial markers were coated with 5M BSA in PBS o/n at RT and were stored to
a maximum of a week. 3 µl of fiducials are applied to the EM grid, followed by blotting
with filter paper for 2 seconds and immediate plunge-freezing in ethane cooled by LN2.
The re-vitrified, frozen sections were then subjected to cryo-electron tomography.
2.4.2 Data acquisition and analysis
Specimens were analyzed in a 300-kV FEI Titan Krios transmission electron microscope
equipped with GIF Quantum energy filters and a Gatan 4k UltraScan CCD camera. Tilt
series were acquired covering an angular range of –60◦ to +60◦, with 2.5◦ tilt increments
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Workflow Cryo-ET of VFSs
Drosophila embryo collecon
dechorionizaon
chemical ﬁxaon (Karnovsky’s ﬁxave)
sucrose inﬁltraon for cryoprotecon
glueing embryos in agarose-sucrose to cryotome pin 
cryosecon -90°C
transfer onto EM-grids; thawing on water at RT
 rapid freezing in cryochamber
agarose embedding and trimming
vitriﬁcaon of secons in liquid ethane
cryo-EM / cryo-ET of VFSs 
removal of vitelline membrane
Workflow Cryo-FIB/SEM and Cryo-ET
Drosophila embryo collecon 1 hour
a aching to EM-grid via poly-L-lysine
carbon-spu er coang to avoid charging
cryo-FIB/SEM, generaon lamella
cryo-EM / cryo-ET 
2-methylpentane sublimaon under vacuum at -150°C
high-pressure freezing
sandwich disassembly in cryochamber
Figure 10: Experimental steps for cryo-ET of re-VFSs compared to cryo-FIB/SEM
with cryo-ET.
and a defocus of -17 µm, using a magnification of 26.000x. The microscope was run in
low dose mode, resulting in a cumulative electron dose below 150 counts per A˚2. Pro-
jections were aligned using 15 nm fiducial gold markers, and reconstructed by means of
weighted back-projection with the TOM toolbox software package, resulting in a voxel
size of 3.8 nm.
2.5 Cryo-focused ion beam milling / scanning electron microscopy
An overview of the experimental steps for cryo-FIB/SEM and subsequent cryo-ET is
displayed in figure 10, right side.
Detailed information on the design of the cryo-holder and the shutter, the running of
the cryo-FIB/SEM machine are given in Harapin et al. [2015], see Appendix B. Here, I
only list aberations from the protocol, due to the processing of fly embryos instead of C.
elegans embryos and adult worms.
Drosophila melanogaster embryos (w1118) of varying developmental stages were collected
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on apple agar plates and dechorionated (when indicated) as described in 2.2.1. Various
substrates were tested for the stable attachment of fly embryos onto plasma-cleaned, 200
mesh holey carbon copper EM grids (Quantifoil) prior to cryo fixation: Successful was
the utilization of poly-L-lysine. Incubating the glow-discharged grid o/n on droplets of
poly-L-lysine within a humidified chamber and subsequent placing of embryos onto the
grid was performed. Excessive liquid was removed with a filter paper and the set-up was
air-dried for 10 min.
Also tested were the following conditions: A fine layer of silicon grease (Baysilone-paste,
Bayer) was applied onto the EM grid and the embryos were placed with a fine paint-
brush on top. Alternatively, the floating of the grid on a droplet of 20% BSA in a
humidified chamber o/n before placing of embryos and blotting of excessive liquid after
10 min of air-drying was tested. Another approach was to remove the waxy layer of the
vitelline membrane to alter the chemical composition of the embryo’s surface according
to Rand et al. [2010]. The embryos were incubated in a 1:10 solution of 90% R-limone
(Fluka), 5% cocamide DEA (Ninol 11 CM, Stepan Chemical), and 5% ethoxylated alco-
hol (Imbentin U/070, Kolb) for 2 min. After treatment with the embryo permeabilization
solvent the embryos were washed 4x in PBS and placed onto an EM grid prepared with
poly-L-lysine. Further, application of the heptane-glue mix that is also utilized in align-
ment of embryos on imaging dishes for spinning disc confocal microscopy (see section
2.2.1) was tested, applied as a fine film between EM grid and fly embryos. Also, incub-
ation of the EM grid o/n on droplets of either the lectin concanavalin A (Calbiochem)
or the lectin from Bandeiraea simplicifolia (Sigma) within a humidified chamber and
subsequent air-drying of embryos on the EM grid prior to high-pressure freezing (HPF)
yielded no stable, permanent attachment. Another unsuccessful approach was to dry
dechorionated embryos that were attached to a poly-L-lysine coated grid for 3 to 4 min
in a silica gel chamber (Roth). Additionally, the use of a yeast paste (baking yeast) was
tested in vain.
The assembly, comprising the EM grid with the chorionated embryos attached via poly-
L-lysine interaction, was placed into the 150 µm deep indentation of an acetone-cleaned 6
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mm aluminum platelet carrier (Wohlwend Engineering), which was premoisturized with
a small droplet of 2-methylpentane (Sigma). The cavity of the carrier was further filled
with the freezing medium using a Hamilton syringe, covering the embryos completely.
The HPF-sandwich was closed with the flat side of a 6 mm B-type carrier, draining
excess solution into the surrounding filter paper. Cryo fixation was performed using the
Leica HPM100 (Leica Microsystems) without ethanol. Grids with vitrified fly embryos
were retrieved from the sandwich by placing the assembly for 10 minutes into a cryo
chamber (Leica EM FC6) set to –150◦C, causing 2-methylpentane to thaw. After a
visual inspection of the vitrified embryos for physical damages such as cracks with the
in-built stereomicroscope, the EM grids were stored in LN2.
Attaching the grid to the modified cryo holder was performed in a dedicated cryo station
(Leica Microsystems). Transfer steps were carried out using a VCT100 shuttle. Sublim-
ation of 2-methylpentane was performed under high vacuum conditions within less than
30 min in a BAF060 device (Leica Microsystems), cooled to –150◦C. A layer of carbon
(15 – 20 nm) was applied by electron beam evaporation while rotating the sample and
turning the carbon source to avoid charging problems complicating the SEM imaging.
Cryo-FIB milling was performed with the Auriga cross-beam system (Zeiss), which was
actively cooled to –156◦C, involving a self-refillable LN2-dewar.
Within subsequent rounds of gallium-ion beam ablation of biological material below and
above the region of interest, a thin structure, the lamella, was produced: Coarse-milling
was performed using a 16-nA probe, followed by semi-fine milling with a 240-pA probe
and further thinning with a 50-pA probe, generating a lamella of 200 – 300 nm thickness
within 3 – 4 days of fibbing. The milling depth was set to 7 – 13 µm depth, using 2 – 3
layers. The generated lamella were transferred and stored in LN2 prior to cryo-electron
microscopy. Recording of the lamellae was attempted in the 300 kV FEI Titan Krios
transmission electron microscope.
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3 Results: Cell-Cell Recognition During Zipping
Dorsal closure occurs in mid embryogenesis and is concluded by the final sealing of the
tissue, the zipping process. The initial step of zipping involves cell-cell recognition of
opposing leading edge cells resulting in matching of correct cell partners. Millard and
colleagues suggested the existence of a positional cue that guides the zipping process, as
cells of the anterior compartment only zip with cells from the opposite leading edge that
have anterior compartmental identity as well, and similar matching occurs for cells with
posterior compartmental identity (Millard and Martin [2008]). How this discrimination
is achieved, remains elusive.
The detailed interaction of the leading edge cells at the zipping front was studied by Elt-
sov and colleagues using electron microscopy (Eltsov et al. [2015]). This study revealed
various complex cell-cell interactions. Interestingly, by employing large-volume electron
tomography of cells during mid zipping huge interaction surfaces between opposing cells
were described. We wanted to study whether the nature of the overlaps generated by
the leading edge cells follows a left-right pattern, or whether this interaction is ran-
dom. Therefore, I aimed for utilizing correlative light and electron microscopy in the
fly embryo. First, staging of embryos by fluorescence microscopy is achieved. Second,
visualization of both the compartment boundaries by fluorescence microscopy and the
details of the membrane interactions by electron microscopy on the very same plastic
sections is facilitated.
In this part of the thesis, I first document how I established correlative light and elec-
tron microscopy for fly embryogenesis. The success of the method is dependent on a very
strong GFP fluorescence signal, that persists past the detrimental sample preparation
process. I then present the respective analysis of the lamellar overlap organization of
eight different zipping sites. From this I conclude that compartment-specific cell-cell
recognition appears to rely on left-right asymmetry. Finally, I discuss how positional
information along the anterior-posterior axis is established and how cells could obtain a
left-right asymmetry. I speculate on a possible mechanism that mediates proper zipping.
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3.1 Establishing correlative light and electron microscopy in Droso-
phila melanogaster embryos
3.1.1 Correlative microscopy of the zipping recognition mechanism by in-
resin fluorescence or epitope retention
In general, not one CLEM experiment is like the other, several variations of sample pre-
paration were developed that depend on the investigated model organism and the ad-
dressed biological question (see section 1.7.2). Since no unifying method was introduced
so far, the need to adjust existing protocols to the own question of interest remains.
Simplified, I could choose between two different ways of performing CLEM: Either a
fluorescent signal is retained in-resin after the sample preparation process. Thus, the
FLM and EM signal can be recorded on the same plastic section after sample prepara-
tion (Nixon et al. [2009]). Alternatively, specialized probes are both capable to fluoresce
and to generate an electron-dense material that can be visualized in EM (miniSOG by
Shu et al. [2011], APEX2 by Martell et al. [2012]). Thereby, FLM is performed be-
fore the sample preparation for EM. In order to avoid chemical fixation and masking
of sub-cellular features within the electron micrographs, I decided to establish in-resin
fluorescence / epitope retention for correlative microscopy.
Kukulski and colleagues established this method with the genetically encoded fluoro-
phores mCherry and GFP and used it to study microtubule polarity, HIV-entry, and
endocytic events in yeast and mammalian cells (Kukulski et al. [2011]). The method
relied on a gentle and slow process, alleviating the adverse dehydration, resin embed-
ding, heavy metal staining, and UV-polymerization, and at the same time allowing for
optimal preservation of ultrastructure and fluorescence signal for 24 hours. Therefore, I
adapted the protocol from Kukulski et al. [2011] following cryo fixation of fly embryos
undergoing dorsal closure via high-pressure freezing (see section 2.2.2 in Material and
Methods for details).
Studying the cell-cell recognition process during zipping bears challenges: not only is it
necessary to retain fluorescence, but the large volume of the specimen of interest holds
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Figure 11: Establishing correlative light and electron microscopy to study cell-cell
recognition and tested fluorophores for the protocol.
(A) - (B) Scheme of the designed CLEM method to study the matching process during
zipping: (A) Serial cross-sections were collected from the opening of the dorsal hole towards
the zipping site spanning approximately 30 µm (100 sections). In the final setup, posterior
compartmental cells were labeled via the engrailed-Gal4-UAS-system and were thus distin-
guishable from anterior, unlabeled ones. (B) (i) Fluorescent light microscopy and further
analysis of the very sub-cellular volume with transmission electron microscopy revealed com-
partmental identity (i anterior, (ii) posterior) and further the lamellar overlap structure at the
zipping site. (C) – (G) Fluorescence retention of various fluorophores throughout the sample
preparation process including dehydration, UV-polymerization and heavy metal treatment.
Sections were tested via spinning disc fluorescence light microscopy for fluorescent signal.
Scale bar depicts 20 µm. Section outline indicated when necessary. (C) Plastic sections of
embryos expressing cytoplasmic mCherry throughout the epidermis using the pannier-Gal4
driver showed no retention of mCherry. (D) Neither was a retention of the membrane-bound
fluorophore mNeonGreen achieved, that was expressed via the epidermal driver pannier. (E)
(i-iii) The genetically encoded SNAP-tag was tethered to the membrane. The synthetic
fluorophore Alexa-647 chemically interacted with the SNAP-tag epitopes that were exposed
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on the plastic sections. (i) A specific labeling of epidermal cells (pannier-Gal4 driver for
SNAP-tag expression) could be observed in a few sections (arrows). (ii) In most of the
analyzed sections, no specific labeling could be detected. Some unintended structures (ar-
rows) were labeled with the Alexa-647 fluorophore, although the expression of the SNAP-tag
was genetically controlled, pointing towards unspecific affinity of the Alexa fluorophore. (iii)
The Alexa fluorophore labeled yolk granules and the whole cytoplasm unspecifically of flies
with no genetically encoded SNAP-tag (arrows). (F) Recognizable retention of GFP tagged
to cortical actin (sGMCA fly stock) 24 hours after section collection. The intensity of the
recorded signal is exemplified by the ”fire look-up table”, where a strong signal is displayed
close to white. (G) (i-ii) Two examples displaying the strong retention of membrane-bound
GFP in posterior epidermal cells and gut structures (using the engrailed-Gal4 driver).
another complex level to master. The zipping site comprises a dimension of 30 µm in z,
thus, more than one hundred sections need to be collected and analyzed. The conceptual
design of CLEM in this study is shown in figure 11 A - B. I identified the region of interest
by histological staining and low-magnification assessment of consecutive sections using
anatomical markers such as the width of the dorsal opening. Then, I collected serial
sections of 300 nm thickness with a diamond knife and transferred them onto formvar
grids, supported with a carbon layer. The whole sectioning process was carried out
in the dark as recommended for better fluorescence retention (Watanabe and Jorgensen
[2012]). For the ease of operation, I collected only one of the two zipping sites within one
sample. The first zipping site that was closest to the knife blade was rejected, whereas
the second zipping site was identifiable by an experienced experimenter. I started section
collection when the width of the dorsal opening gradually decreased, such that opposing
leading edge cells were only a few micrometer apart. Within a few days after sectioning,
I needed to perform fluorescence microscopy (LM) to record the compartmental identity
of the leading edge cells before the fluorescence signal was lost. In the chosen set-up,
posterior cells were labeled green prior to dorsal closure (figure 11 ii) by expressing the
green fluorescent protein GFP under the control of the engrailed promotor using the
UAS-Gal4 system (Brand and Perrimon [1993], Phelps and Brand [1998]). Unlabeled
cells were treated as having anterior identity (figure 11 i). Further, I simplified the
setup by recording 2D electron micrographs of the serial sections (ssTEM - serial section
transmission electron microscopy) rather than performing electron tomography on each
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section (EM). Unquestionable, tomography provides perfect 3D reconstruction of the
investigated volume. Nevertheless, I could identify and follow the zipping cells in 2D to
segment the assumed 3D structure with sufficient resolution, thereby saving time.
3.1.2 In-resin fluorescence retention of GFP works best despite the detri-
mental sample preparation process for EM
Several different fluorophores were tested in order to obtain a strong, persistent signal,
allowing for the analysis of hundreds of sections prior to bleaching. To that means, I
generated transgenic flies encoding for cytoplasmic mCherry under control of the UAS-
Gal4 system (see Materials and Methods, section2.1.2). The photo stability of mCherry
was reported to be greater than that of EGFP when undergoing sample preparation
for electron microscopy (Kukulski et al. [2012]). When tested, the fluorescence in these
transgenic flies was not retained in the cytoplasm (figure 11 C).
Another strategy was to assess the capability of green fluorescent proteins, such as
mNeonGreen (Shaner et al. [2013]) for the CLEM approach. Also, tethering of the
fluorophore to a confined volume, like the membrane, to enhance the intensity was
tested. Transgenic flies expressing mNeonGreen, tethered to the membrane of epidermal
cells via a palmitoylation tag, showed no retention of fluorescence (figure 11 D).
Further, chemical labeling of the genetically encoded SNAP-tag post-sample preparation
via Alexa fluorophores was attempted (Keppler et al. [2003], Kohl et al. [2014], Perkovic
et al. [2014]). Despite the sparse specific labeling of the membrane of epidermal cells
(figure 11 E i), the chemical labeling of the SNAP-tag was imprecise in two investigated
embryos, and the adjustment of label incubation time and concentration yielded not in
improved specificity (figure 11 E ii, iii).
Next, GFP-retention was addressed: GFP bound to the actin cortex throughout the fly
embryo (sGMCA flies, Kiehart and Galbraith [2000]) achieved a faint retention of signal
up to 24 hours post-section collection. Focussing therefore on the enhancement of the
GFP-signal guided us to the employment of transgenic flies engineered for the purpose of
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improved fluorescence imaging of neurons at Janelia Farm (Pfeiffer et al. [2010], Pfeiffer
et al. [2012]). Pfeiffer and colleagues improved the transcription of GFP by using viral
enhancers (Pfeiffer et al. [2012], the generated construct is depicted in figure 12 A). The
UAS-sequence is repeated 10-times, allowing for increased binding of the transcription
factor Gal4. Further, the heat shock promotor hsp70 was shown to result in two-fold
increased protein expression compared to another basal Drosophila promotor (Pfeiffer
et al. [2010]). Further, an intervening sequence (IVS), a part of the Drosophila myosin
heavy chain intron, was introduced into the construct to facilitate optimal transport
of spliced mRNAs to the cytoplasm. By confining the GFP to the membrane via a
myristoylation anchor, one achieves an increase in signal. Last, the viral translational
enhancer 3’-UTR sequence p10 from Autographa californica achieves a 20-fold increase
of GFP expression compared to basal expression.
My established correlative approach relies on the integration of the GFP-transgenic
flies by Pfeiffer et al. [2012] into the CLEM set-up involving the protocol developed by
Kukulski et al. [2011]. By expressing GFP in the posterior compartment of epidermal
cells, a strong labeling was achieved, up to five times stronger than the cortex-bound
GFP (compare figure 11 G with figure 11 F). More specifically, the engrailed-Gal4 driver,
that is fused to mCherry-Moesin (an actin-binding protein), was crossed to the flies de-
veloped by Pfeiffer and colleagues (pJFRC29 in attP2 ). The offspring featured strong
membrane-bound GFP signal in posterior, epidermal cells and further expressed actin
labeled by mCherry (figure 12 B). Therefore, live-imaging was performed recording the
mCherry signal, conserving the valuable GFP used for correlative microscopy later in
the working pipeline.
In order to characterize the behavior of the studied transgenic flies during dorsal closure
and to exclude possible adverse effects of the strong GFP-expression, spinning disc light
microscopy movies were recorded. The closing time of the dorsal hole of the transgenic
flies used in the CLEM study were compared to those of control embryos, namely the
outcrossed driver line (with mCherry-labelled Moesin in posterior cells over a wildtype
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copy). As shown in figure 12 C and D, both fly types needed a comparable time for
closing the gap of 4-5 hours at 25 ◦C. Figure 12 E shows no significant difference of
dorsal closure speed between control and GFP-expressing embryos. We conclude that
the flies, despite their strong GFP-expression, could be utilized for the study of dorsal
closure and cell-cell recognition during zipping.
3.2 Employing the established CLEM method to study the lamellar
overlap at zipping sites
3.2.1 Analysis of acquired light and electron microscopic images and their
correlation
After recording the light (spinning disc light microscopy) and electron microscopic images
(2D ssTEM), I analyzed the data using the free software plugin ”TrakEM2” within
the data analysis software FIJI (Cardona et al. [2012]). The data was organized into
consecutive layers, each layer representing a 300 nm thick section. Within each layer,
images were edited. First, the EM images that were recorded at different magnifications
were montaged using a similarity transformation algorithm. Thus, a huge view of the
region of interest at low resolution was combined with a high resolution of 3.5 nm /
pixel at the lamellar overlap of opposing leading edge cells at the zipping site (figure
13 A). After automatic montage, the sections were manually aligned along the zipping
axis, relying on anatomical markers seen at high magnification (figure 13 B), such as
mitochondria and cell membranes. The low heavy metal concentration, being five times
reduced compared to standard protocols, did not allow for automatic segmentation via
pixel classification (data not shown, Ilastik software). Thus, segmentation of the data
could only be performed manually of each section (figure 13 C).
Following segmentation, several sections per segmented cell were correlated with their
light microscopic image (figure 13 D). Autofluorescent signals of folds within the plastic
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Figure 12: Utilizing transgenic flies with enhanced GFP-expression for CLEM.
(A) Genetic details on the fly stock used further in this study with a ten-fold enhanced GFP-
expression due to optimized transcription. (B) Crossing scheme to obtain flies with high GFP-
expression targeted to the membrane of posterior epidermal cells (F1: enGal4; pJFRC29). In
addition, those flies expressed mCherry-labeled actin in posterior cells, allowing for selection
of embryos with signal and correct developmental stage prior to sample preparation without
bleaching of GFP. (C) – (D) Selected movie frames of control (C) and GFP (D) embryos
during dorsal closure. 0 min designates the first contacts of opposing posteriorly labeled
cells of the thoracic T1 segment. Dorsal closure speed was represented by the ratio of
total opening width at 0 min divided by the time needed until the gap is completely sealed
(last frame shown). Scale bar depicts 50 µm. (E) Comparison of dorsal closure speed of
control and GFP embryos. The datasets are not normally distributed (Shapiro-test); the
Mann-Whitney U-test reveals no significant difference (p=0.05).
section and the vitelline membrane facilitated a coarse alignment of EM and LM im-
ages. Fine correlation was achieved by overlaying the posterior cell outlines. Thus, the
correlation of LM and EM was simplified and did not rely on additional fiducial markers
that would be paramount if a correlation within a few nanometers was intended (Nisman
et al. [2004]). Also, note the marvelous retention of fluorescence even 6 weeks after sec-
51
3 Results: Cell-Cell Recognition During Zipping
A B
C
1400x
2900x
4800x
6800x
13000x
E
D
LM
EM
CLEM
F
AS cells
LE cells
midgut
yolk
AS cells
LE cells
midgut
yolk
hindgut hindgut
hindgut
anterior canthus posterior canthus
section n+1
section n
overlay
GFP
opposing LE cells
vitelline membrane
zipping site
3.5 nm/pxl
27.9 nm/pxl
100 μm
8
4
 μ
m
11 μm 8
.7
 μ
m
Figure 13: Data processing employing the TrakEM2 plugin of FIJI.
(A) Automated montage of several electron micrographs of the same section obtained at
different magnifications (black number), with different field of views (green number) and
different achieved resolutions (red number). Scale bar depicts 500 nm. (B) Manual overlay
of consecutive sections based on sub-cellular features. (C) Manual segmentation of leading
edge cells at the zipping site within the TrakEM2 canvas user interface. Scale bar depicts
52
3 Results: Cell-Cell Recognition During Zipping
500 nm. (D) Sample folds, the auto-fluorescent vitelline membrane, autofluorescent yolk
granules and most importantly cell outlines were used to correlate the fluorescent signal
of posteriorly labeled cells (LM, GFP) with the electron microscopic images revealing the
ultrastructure of the interacting cells (EM), resulting in the correlation of cell identity and
lamellar overlap organization (CLEM). Importantly, the GFP fluorescence retention 6 weeks
after serial section collection still allowed for faithful correlation. Scale bar depicts 1 µm.
(E) 3D representation of a few right, anterior cells with the FIJI 3D Viewer; the cell front
clearly oriented upwards, protruding over the opposing cells (not shown). (F) Anatomical
landmarks allowed for identification of the anterior or posterior canthus. At the anterior
canthus, the midgut engulfing the yolk is directly situated underneath the amnioserosa cells.
In contrast, at the posterior canthus, the folding hindgut structures lie between the central
midgut-yolk and the dorsal amnioserosa cells. The designated left-right axis resulted from
the above orientation. Scale bar depicts 10 µm.
tion collection (figure 13 D). Therefore, several embryos could be processed in parallel,
allowing LM of several hundreds of sections prior to signal loss. When the fluorescent
signal retained within the plastic section was recorded within a few days after sectioning,
the signal was clearly stronger and cell outlines more pronounced (see figure 11 G).
The FIJI implemented 3D Viewer allowed for display of the reconstructed, segmented
cells in 3D (figure 13 E).
The collected zipping site needed to be identified as anterior or posterior canthus, im-
pacting the left-right orientation of the embryo. As displayed in figure 13 F, the anterior
and posterior zipping site could be distinguished from each other by the absence (an-
terior canthus) or presence (posterior canthus) of folded hind gut structures ventral of
the amnioserosa tissue. During the process of finding the region of interest, consecutive
sections of the whole embryo were collected at least every 10 µm, allowing for the iden-
tification of the two canthi within the sample and accurate classification of the canthus
identity. Out of eight analyzed zipping sites, only one was an anterior one. This bias
was not intended during sample processing, the sample was randomly oriented.
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Figure 14: Illustrating the lamellar overlap organization of opposing LE cells with an
angle readout.
(A) Electron micrograph showing two overlapping leading edge cells, where the left one is
protruding over the other. The yellow points and line mark the start and end point of the
simplified interaction surface (white dashed line). The angle of this interaction was measured
in relation to either 1) the red line, derived from the interaction of leading edge epidermal
cells with the underlying amnioserosa cells, as seen by the presence of adherens junctions
with electron densities and a typical spacing of approximately 30 nm (red circles). Or 2),
the measurement of the angle in relation to the artificial, horizontal green line was tested
(green triangles). The value of the angle was defined as positive, if the right-side leading
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edge cells protruded over the left ones, and as negative value if the left leading edge cells
were on top of opposing right ones. Scale bar depicts 2 µm. (B) Angle measurements along
the posterior zipping site of one of the collected zipping sites (id: embryo beta) from start
(0 µm) to late zipping (30 µm). Note that the influence of the used reference line, either
the amnioserosa to leading edge cell interaction via adherens junctions (red circle), or the
general artificial, horizontal line (green triangle), showed only minor differences of trend in
the angle measurement. (C) Electron micrograph presenting the influence of amnioserosa
cell behavior on overlaying leading edge cell arrangement. Red arrows show the impact of
amnioserosa cells, being stronger on the right side, slightly deforming the above leading edge
cells. Thus, the red AJs-reference line deviated from the green artificial, horizontal reference
line. Scale bar depicts 2 µm.
3.2.2 The angle of contact between leading edge cells represents a quantit-
ative readout of the lamellar overlap organization at the zipping site
The reconstructed, segmented zipping sites of eight embryos were analyzed. The data is
presented in the upcoming paragraphs, and in the appendix. The data was analyzed in
two ways: on an observational, descriptive level by generating 3D visualizations of the
interacting leading edge cells at the zipping site and on a quantitative level by measuring
the contact angle between opposing leading edge cells.
Angle measurements of the overlapping lamellar leading edge cells at the zipping site
were performed, as displayed in figure 14 A. The angle value was defined positive when
a right LE cell protruded over a left one, and negative when a left LE cells overlaid a
right one. The interaction surface of opposing leading edge cells was represented by a
simplified line from the first to the last contact point of interacting cells (dashed yellow
line). It occurred that more than one cell on one side interacted with more than one cell
on the opposing side. Nevertheless, only one representative measurement was performed,
taking into account the most dorsal and most ventral interaction points (yellow points).
The angle was measured relative to two vertical reference lines, that were derived either
from the interaction of LE cells with underlying amnioserosa tissue (red dashed line, ad-
herens junctions, Gorfinkiel and Arias [2007], Eltsov et al. [2015]) or from the artificial
horizon of the aligned sections (dashed green line).
It was tested, how consistent measurements proceeded along the zipping side, spanning
more than 100 sections representing a ”timeline” from early to late zipping stages. In-
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terestingly, the measurements according to the two differing reference lines disagreed
only slightly, the overall trend (positive or negative value) was preserved (figure 14 B).
Since the reference line derived from the LE cell - AS cell interaction was determined
per section, it allowed for adjustments whenever the LE cells and the interaction surface
underwent minor shape changes, often as a consequence of AS cells pushing from under-
neath (figure 14 C). This adjustment was not possible with the artificial, fixed horizon,
rendering faithful comparison between different samples more imprecise. Therefore, I
chose to perform the angle measurements relative to the LE cell - AS cell plane, determ-
ined by the presence of adherens junctions.
3.3 Lamellar overlap organization and correlation to compartmental
identity of eight zipping sites
We aim to study the lamellar overlap organization at the zipping site via correlative
microscopy. We aim to test whether the lamellar overlap follows a pattern or whether it
is random. The hypothesis is that cells of the same compartment (anterior or posterior)
align in the same orientation, forming a characteristic overlap pattern that switches at
the compartment boundaries. If this pattern existed, I expect to visualize with the
established CLEM method cells from one side, of one compartment, to protrude over
the other side, and the opposite arrangement for the other compartment. Otherwise, if
the overlapping lamella do not follow any positional cue (or not the positional inform-
ation imposed by the anterior-posterior compartmental identity), I expect to see cells
overlapping randomly, independent of the compartmental identity and the left-right axis.
The established CLEM method was by no means a high-throughput process. Draw-
backs included a high time-consumption for the manual handling during the sample
preparation and a great demand for skillful craftwork when cryo-fixing, substituting,
remounting, and sectioning the sample. Further, the used cryo fixation machine and the
low uranyl acetate concentration preserved not all samples to the same, sufficient extent.
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To illustrate this, I list the processed embryos and the final outcomes: In total, I freeze-
substituted 31 embryos. Of those, I processed 20 further to locate the zipping site by
means of electron microscopy or light microscopy of histology-stained sections. I collec-
ted serial sections spanning a zipping site of 14 embryos. Six sets of serial sections were
unusable due to impaired sample preparation or incomplete collection of the zipping
site. In some samples the preservation was not continuous. The anterior part would be
preserved well, whereas the posterior one was not. Also, a gradual preservation within a
section existed. In a section, the dorsal opening and the opposing LE cells represented
a rather fragile part of the embryo, being more susceptible to mechanical disruptions
during sample preparation, resulting in partial breaks of the sections and folds within
the plastic section, deforming the interacting LE cells. For all the mentioned reasons,
eight embryos fulfilled the criteria of sample preservation and completeness and were
analyzed via CLEM.
Those embryos are termed with greek letters, the first processed embryo being embryo
alpha, the last one embryo eta.
3.3.1 A short characterization of observed cell-cell interactions of zipping
cells
The versatile, complex interactions of zipping cells was described already by Eltsov and
colleagues. By employing electron tomography the observation of fine ultrastructural de-
tails at a high resolution was achieved (Eltsov et al. [2015]). In this study, the superior
preservation and resolution was traded for additional information on the compartmental
identity of the zipping cells. Therefore, comparisons of interacting anterior and posterior
cells became feasible.
Table 3 lists for each segmented cell within the eight collected zipping sites interesting
details, such as its left or right identity, its compartmental identity, its number of inter-
actions with opposing zipping cells, the percentage of AJs formed within the interaction
volume, the width of the interaction surface, its zipping stage, whether it is a mixer cell
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Figure 15: Characterization of analyzed, segmented interacting LE cells.
(A) Frequency of segmented cells classified by their cellular morphology, namely the overlap
structure, into open, early, mid and late zipping stages. (B) Number of segmented cells per
abdominal segment. (C) Frequency of the observed number of cell contacts of interacting LE
cells for all cells (i) and separated by anterior or posterior compartmental identity (ii). (D)
Frequency of observed interaction width, representing the width of the interaction surface of
the segmented cell with opposing ones, but not necessarily the actual width of the segmented
cell.
(see section 3.3.6), and whether it has interactions with opposing cells differing in the
compartmental identity.
142 cells were segmented within 8 analyzed zipping sites. Within embryo alpha, 11 cells
were segmented, whereas the anterior zipping site of embryo delta featured the highest
number of cells within the reconstructed zipping volume, namely 24 cells. Embryo delta
was the sample representing the latest dorsal closure stage. It appeared that the cells
were smaller in width when the dorsal hole was almost completely closed (see also figure
18). In total, 82 anterior and 60 posterior cells were analyzed.
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Based on our hypothesis, we would like to decipher the lamellar overlap organization
correlated to positional identity information. Since most of the segmented cells repres-
ented a mid-zipping stage (73 %) with a pronounced lamellar overlap, the identification
of a pattern, if present, could be achieved in principle (see also histogram in figure 15
A). As displayed in figure 15 B, the collected zipping sites span the abdominal segments,
with more cells covering the more posterior segments A5 to A7, since seven out of the
eight collected zipping sites represented a posterior one (see also figure 22).
On average, a cell interacted with 1.8 opposing cells (figure 15 C i). This clearly represen-
ted both the explorative nature of early zipping cells, expanding filopodia and screening
for correct interaction partners, but also the slightly shifted overlapping nature of the
left versus the right LE cells. As within a zipper, the cells are slightly shifted relative
to each other. Further, by interacting with more than one opposing cell, the ability
to establish a correct binding is achieved, assessing also the neighboring opposing cells.
Only three out of 142 cells interacted with 4 opposing cells. Those featured either a
rather wide interaction volume or were situated at a boundary, where they interacted
with cells of both the anterior and the posterior compartment on the opposing site, thus
establishing the correct recognition. 27 cells out of 142 (19 %) interacted across com-
partment boundaries, having overlaps with anterior and posterior cells alike.
The width of the interaction surface between one cell with opposing ones differed from a
minimum of 1 µm to a maximum of 15 µm. The median was at 3.3 µm and on average
it was 3.86 µm, being in agreement with LM data (figure 15 D).
On average, within 48 % of the sections putative adhesion sites were identified based on
visual inspection of the 2D EM micrographs (see also section 3.3.5).
A comparison of left and right LE cells within their compartment revealed no major dif-
ference in number of interactions, the width of the interaction volume, nor the frequency
of anterior-posterior interactions.
The presence of adhesion sites within the interaction surface, and the width of the inter-
action volume did not differ significantly between anterior and posterior cells (Welch Two
Sample t-test). Also, the number of cells interacting both with anterior and posterior
59
3 Results: Cell-Cell Recognition During Zipping
cells appeared similar for anterior (17.1 %) and posterior (21.7 %) cells. Interestingly,
anterior cells interacted significantly more with opposing cells (Welch Two Sample t-test,
p < 0.01 (**), see also histogram in figure 15 C ii). This might be accounted for by the
higher number of cells within the anterior versus the posterior compartment, represent-
ing more potential interaction partners for an anterior cell.
The next sections are focused on the lamellar overlap between opposing leading edge
cells. 3D volumes of reconstructed zipping sites are presented, accompanied by angle
measurements representing the lamellar overlap organization between cells of the left or
right side and the anterior or posterior compartment.
3.3.2 The majority of investigated zipping sites show a common organiza-
tion of lamellar overlaps within the anterior and posterior compart-
ment
Of the eight analyzed embryos all except one showed common characteristics. Based on
the cell behavior at the lamellar overlaps, as seen quantitatively with the angle readout
of opposing LE cells, seven out of eight zipping sites showed a regular pattern.
I will introduce embryo beta as a representative, describing the cell behavior of the ma-
jority of the analyzed zipping sites (figure 16).
The arrangement of opposing LE cells of the other six zipping sites is presented in fig-
ures 18, and appendix A, figures 37, 38, 39, and 40. A short time lapse was recorded of
embryo beta prior to cryo-fixation (figure 16 A), in order to verify normal progressing
of dorsal closure and to high-pressure freeze the sample at the time point when zipping
occurred at a anterior-posterior compartment boundary. Various 3D representations of
the segmented posterior zipping site of embryo beta are displayed from different per-
spectives in figure 16 B. The bottom view shows the zipping seam. 3D representations
of either the left or right LE cells visualize the alternating cell behavior of anterior and
posterior compartmental cells. For instance, the left, posterior LE cells (blue) protrude
over their right counterparts (yellow). This difference is further shown in figure 16 C,
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Figure 16: Analyzing the lamellar organization of embryo beta at the compartment
boundary (representative of 7 in 8 zipping sites).
(A) Selected movie frames of embryo beta prior to high pressure freezing and sample
preparation. Scale bar depicts 25 µm. (B) Various 3D representations of the reconstructed
posterior zipping site. The emblem shows the colour encoding for left (l), right (r), anterior
(a) and posterior (p) compartment. (C) 3D representation of the reconstructed left leading
edge cells (grey), the interaction surface with the opposing right cells (not shown) either
in magenta for interactions between anterior compartmental cells or in cyan, representing
interactions between posterior compartmental cells. The start of the zipping site is at the
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anterior (towards the head of the embryo), late zipping is towards the posterior side of the
embryo. (D) Angle measurements along the posterior zipping site from start (0 µm) to end
of zipping (30 µm). Interactions between anterior or posterior cells are shaded in magenta or
cyan, respectively. The zipping stage of interacting leading edge cells is shown in a simplified
manner along the zipping axis.
where only left LE cells and the interaction surface with opposing LE cells is displayed.
Note the clear switch of the orientation of the interaction surface from posterior (cyan)
to anterior (magenta) cells. Angle measurements (see figure 14) of the sections along the
zipping site quantify the difference within the anterior or posterior compartment (figure
16 D).
The switch of cell behavior correlated with the compartment boundary. A transition
zone at the boundary of anterior and posterior compartment was observed, where the
orientation of the interaction surface gradually changed (figure 16 D, appendix A (sup-
plementary panels for embryos gamma, epsilon, eta)). Existing adhesions and tension
between neighboring cells may account for this non-acute transition.
3.3.3 One of eight investigated zipping site samples shows an inverted, al-
though organized arrangement of lamellar overlaps
Very interestingly, one investigated zipping site showed a contrary, inverted organization
of lamellar overlaps (figure 17, embryo zeta). The angle measurements for the anterior
compartment had a negative value, contrary to measurements within the anterior com-
partment of the other seven zipping sites.
Upon examination of a time lapse recording taken prior to cryo-fixation (figure 17 A),
I noticed an irregular spacing of some opposing posterior stripes (labeled) and anterior
ones (not labeled) at the dorsal opening, being different on the left and the right lateral
side. I speculate that the misplacing of the stripes caused initial mismatching of oppos-
ing cell pairs, such that anterior cells contacted opposing posterior ones and vice versa.
It seemed as though the zipping site had to re-organize the initial contacts of opposing
LE cells, ensuring correct sealing of opposing compartments. This sorting occurred far
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Figure 17: Analysis of the lamellar organization of embryo zeta revealed an inverted
arrangement of lamellar overlaps.
(A) Selected movie frames of embryo zeta prior to high pressure freezing and sample
preparation. Scale bar depicts 25 µm. (B) Various 3D representations of the reconstructed,
segmented posterior zipping site. (C) 3D representation of the reconstructed left leading
edge cells (grey), the interaction surface with the opposing right cells (not shown) either
in magenta for interactions between anterior compartmental cells or in cyan, representing
interactions between posterior compartmental cells. (D) Angle measurements along the
posterior zipping site from start (0 µm) to end of zipping (30 µm). Interactions between
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anterior or posterior cells are shaded in magenta or cyan, respectively. Interactions between
anterior and posterior opposing cells are shaded in yellow. The zipping stage of interacting
leading edge cells is shown in a simplified manner along the zipping axis.
behind the zipping front. The mismatching and the sorting step could alter the regular
pattern observed with the other seven zipping sites, affecting the lamellar overlap organ-
ization of up to five cells within the next zipping, anterior compartment (17 D).
Whether the observed misplacing of opposing stripes is the cause or the consequence of
the observed inverted, differing cell behavior could not be answered.
The inverted organization of the lamellar overlap is displayed via the 3D representation
from different views (figure 17 B, C), and via the plotting of measured angles along the
zipping site (figure 17 D). Thus, comparing the reconstructed zipping sites of embryo
beta and zeta, embryo zeta seemed to present an exception from the cell behavior ob-
served with the other seven samples. Therefore, analysis of anterior and posterior cell
behavior within the next sections will discriminate between all 8 collected zipping sites,
and those without embryo zeta.
3.3.4 Investigating the lamellar overlaps of the anterior and posterior zip-
ping canthus within the same embryo
As already mentioned previously (subsection 3.2.1, figure 13 F), one out of eight ana-
lyzed zipping sites represented the anterior canthus. Two complete zipping sites were
collected of the sample embryo delta. Usually, the first zipping site was missed since
the assessment of when to start serial section collection was not trivial, as the late zip-
ping stage did not differ in apparent landmarks from a long ago zipped stage. Highly
interestingly, the two collected zipping sites within one sample might give insight into
whether the organization of lamellar overlaps observed within the posterior zipping site
also applies to the anterior one. If the cell behavior is exactly the same within the two
zipping sites, I expect to find posterior cells of the left side to protrude over posterior
cells of the right side, and anterior cells of the left side to dive underneath the anterior
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Figure 18: The lamellar organization of the anterior and posterior zipping canthus in
the same embryo, embryo delta.
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(A) Embryo delta prior to high pressure freezing and sample preparation. Scale bar depicts
25 µm. (B) 3D top view representations of the reconstructed, segmented anterior and
posterior zipping site. (C) 3D representation of the reconstructed left leading edge cells
(grey), the interaction surface with the opposing right cells (not shown) either in magenta
for interactions between anterior compartmental cells or in cyan, representing interactions
between posterior compartmental cells. Yellow depicts interactions between cells of anterior
and posterior identity. (i) anterior canthus (ii) posterior canthus. (D) Angle measurements
for the anterior canthus (i) and the posterior canthus (ii). Interactions between anterior or
posterior cells are shaded in magenta or cyan, respectively. Interactions between anterior and
posterior opposing cells are shaded in yellow. The zipping stage of interacting leading edge
cells is shown in a simplified manner along the zipping axis.
cells from the right side, independent of the anterior or posterior canthus identity of the
zipping site.
Figure 18 A shows the embryo a few minutes prior to cryo-fixation. Obviously, the dorsal
opening was almost closed, thus embryo delta represented the latest dorsal closure stage
examined in this study. The interaction surface between opposing LE cells appeared
smaller than in samples of earlier dorsal closure stage (compare figure 18 C with fig-
ures 16, 17 C). Further, several starts of zipping sites were present, i.e. two within the
anterior and four within the collected posterior site (figure 18 D). The phenomenon of
skipped cells, of zipping sites overtaking others was already observed previously with
light microscopy (data not shown) and is common in late dorsal closure embryos, when
the opposing lateral epidermal sheets are in close proximity to each other. The uncon-
ventional closing might be responsible for the less pronounced difference of angle meas-
urements between the anterior and the posterior compartment (18 D). Thus, a definite
conclusion of whether the anterior zipping site exhibits a similar overlap organization
as observed in the posterior sites, could only be drawn with caution. Also, analysis of
anterior and posterior cell behavior within the next sections will discriminate between
all 8 collected zipping sites, and those without embryo delta.
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Figure 19: Selection and representation of stabilized interactions between opposing
LE cells within the eight analyzed zipping sites.
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(A) (i - ii) Two example EM micrographs of interacting anterior left (red) and right (green)
leading edge cells. The arrows point out prospective adherens junctions with characteristic
intercellular electron densities and membrane spacing of approximately 30 nm. Scale bar
depicts 1 µm. (B) - (I) Angle measurements along the indicated zipping sites of the eight
collected samples from start (0 µm) to end of zipping (30 µm). Filled circles represent an
angle measurement of a putative stabilized overlap, since AJs appeared to be present. Note
the different frequency of stabilized overlaps between the eight samples: for example, the
zipping sites of embryo delta featured less adhesion sites between interacting cells compared
to embryo beta and zeta.
3.3.5 Analysis of the contacts between cells that show adherens junctions -
stable interactions - in comparison to all contacts
A further exploration of acquired image data was performed. Interactions between op-
posing LE cells were assessed based on the presence (see figure 19 A i, ii) or absence of
AJs. The motivation was to pool those angle measurements of interacting cells, where a
”correct” match has already occurred; the idea being that cells with a mismatch, mean-
ing an incorrect partner (compartment-specific or cell number-specific), still need to
adjust and sort their interactions (Millard and Martin [2008]). Thus, AJs are less likely
to be present in those. AJs might represent a potentially good indicator to disentangle
the dynamic cell-cell interactions occurring at the zipping site. Since I cryo-fixed the
samples, only a snapshot can be analyzed. Although the zipping site equals a time line,
where cells are present in different zipping stages, the dynamics of one cell could not be
followed through time.
Zipping force is applied during mid zipping, sealing the opposing lateral epidermal sheets.
Therefore, preliminary AJs between opposing LE cells are also formed to resist applied
forces. Those AJs may mature later. The acquired data only allowed for the identi-
fication of prospective AJs, but not of their maturation state. Therefore, premature
junctions were not distinguished from mature ones in the analysis. Also, the potential
dynamics of the identified putative AJs could not be assessed.
Scatter plots displaying the measured angles along the zipping site from early to late
zipping are shown in figure 19 B - I for the indicated zipping sites. Filled circles repres-
ent interactions with putative adhesion sites between interacting opposing cells. Since
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the angle measurement was performed for a simplified interaction surface, representing
sometimes the interaction surface of more than two interacting cells, also the identified
stabilized overlaps represent a simplification. The label “AJs” was assigned whenever a
putative adhesion structure between interacting cells was identifiable, not distinguishing
whether an adhesion site was present between more than two interacting cells.
The later the zipping, the more likely to find AJs. Also, the number of identified stabil-
ized overlaps varied from sample to sample: Within embryo beta, 72 % of all interactions
appeared to be stabilized by putative AJs, whereas within embryo delta, both the an-
terior and posterior zipping site only scored with 22 and 21 %, respectively. This finding
might also represent the late nature of the dorsal closure process. As described in figure
18, the opposing cell sheets were in close proximity over the whole width of the opening
and several zipping sites were present. Also, the interaction surface between opposing
cells appeared smaller than for the embryos in early to mid dorsal closure stages. The
other zipping sites (alpha, gamma, delta, epsilon, eta, and zeta) showed between 42
and 61 % of adhesion structures. Strikingly, when analyzing only interactions without
embryos delta and zeta, and only considering mid zipping stage cells and inspecting only
anterior with anterior and posterior with posterior interactions, the score for identified
AJs was increased to 77 %. This number appeared reasonable, since forces are applied
during zipping. Therefore, the presence of AJs between opposing interacting cells is
crucial for the process.
Note that the differing sample preservation might impact the identification of adhesion
sites. The better preserved the sample, the more readily an identification of putative
stabilized overlaps was possible, whereas a diminished sample preparation that was still
sufficient for analysis of the membrane overlap organization might render an assignment
of AJs more unlikely.
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3.3.6 Examining the behavior of ”mixer cells” within the posterior com-
partment
Millard and Martin (Millard and Martin [2008]) suggested the significance of anterior
versus posterior compartmental identity during zipping. Also, the investigated embryos
of this study indicated a different cell behavior within the anterior or the posterior com-
partment. To study the lamellar organization within the posterior compartment in more
detail, we focussed on the so called ”mixer cells” (Millard and Martin [2008], Gettings
et al. [2010]). Those cells transdifferentiate during dorsal closure and change their com-
partmental identity. The term mixer cells does not refer to the ”mixed” interactions
between opposing anterior and posterior cells, as indicated for instance in figure 18 D.
The interesting phenomenon of mixer cells, crossing the segment boundary, was described
previously (Gettings et al. [2010]) (figure 20 A, B). An anterior cell, positioned at the
segment boundary to the posterior compartment, starts the expression of the posterior
selector gene engrailed via JNK activation (figure 20 B, mixer cell labeled ”M”). This
cell-fate switching requires the presence of groove cells in the cellular context, to only
specify a certain cell as mixer cell, rendering the process a robust and safe one, since an
imprecisely regulated pattern change would otherwise cause defects in epidermal sealing.
Further, an anterior and a posterior cell from the second row intercalate into the first
row of LE cells while obeying the segment boundary. The purpose of this reprogram-
ming of the mixer cell and intercalation of the second row cells is not fully understood.
Gettings and colleagues speculated, that the tension generated by the supracellular actin
cable in LE cells is redistributed between more cells, avoiding possible epidermal ripping
(Gettings and Noselli [2011]). Since the number of intercalating cells from the second
epidermal row can be different from segment to segment, the balancing of tension can
be adjusted segment-wise. This system is attractive for the study of transdifferentiation
and its putative causes, be it differential compartment affinities, extracellular-matrix
fences or changes in cortical tension.
In my samples, mixer cells were readily identifiable within the collected zipping site
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Figure 20: Mixer cells show a different cell behavior compared to their posterior
compartmental neighbors.
(A) Cells of the posterior compartment are labeled via the engrailed-Gal4-UAS system.
Within each posterior stripe, one cell was not labeled. Those cells are called mixer cells
(red arrows). (B) Schematic displaying the movement of a formerly anterior cell (“M”) into
the posterior compartment, crossing the segment boundary. These cells start expressing the
transcription factor engrailed later than their posterior neighbors, and thus commence the
posterior transcriptome slightly delayed. From the second row of epidermal cells, an anterior
and a posterior one intercalate into the first row while obeying the segment boundary.
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Adapted from Gettings et al. [2010]. (C) – (D) Angle measurements of embryo epsilon (C)
and embryo eta (D) along the zipping site, where identified mixer cells are shaded. (E) -
(H) Comparison of angle measurements of interacting opposing LE cells for mixer cells and
their posterior neighbors within the same compartment. The analyzed dataset comprised
early and mid zipping stage measurements, and excluded mixed interactions between cells
of two compartments. Boxplot (E) for all zipping sites (except alpha and zeta, which did
not comprise cells fulfilling the aforementioned criteria), (F) without inconclusive, late dorsal
closure stage embryo delta, (G) for all stabilized overlaps showing AJs, and (H) for stabilized
overlaps excluding embryo delta. A Welsh Two Sample t-test revealed a significant difference
of the angle measurements of the mixer cells and their posterior neighbors (p-value < 0.001
(***)).
via CLEM of serial sections: The label mixer cell was assigned to cells not showing the
GFP-membrane signal yet, but being clearly flanked by posterior cells with GFP-label.
Also, the light microscopic image prior to cryo fixation was consulted (such as in figure
20 A). Further, the posterior compartment usually comprised four to five cells. Of 142
segmented cells, comprising 60 posterior cells, 13 were identified as mixer cells (see also
summarizing table 3 on cell-cell interactions in appendix A).
The angle measurements of two randomly chosen zipping sites, those of embryo epsilon
and embryo eta, are displayed in figure 20 C and D, respectively. The shaded areas point
out interactions of mixer cells. A summary panel pointing out the mixer cells within all
the segmented zipping sites containing mixer cells can be found in appendix A, figure
41. Since the mixer cells within embryo eta (figure 20 D) are shifted towards each other,
an interaction surface covering roughly two cell widths was designated as mixer cell.
We wanted to test, whether the mixer cells differed from their surrounding posterior,
neighboring cells. It remains unclear, whether positional information is established
within each cell, or within a specific region within a compartment or only within one
cell to instruct neighboring cells to generate position-specific cell behavior.
I therefore analyzed the angle measurements for mixer cells and their posterior neighbor-
ing cells. The dataset comprised only early and mid zipping stages, since for late stages
the angle measurement tended towards 0◦. Also, mixed interactions between anterior
and posterior cells were excluded, since they most likely represented overlaps that would
need to be resolved and would not be permanent. The zipping site of embryo alpha
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did not comprise the posterior compartment (see figure 37, appendix A). Embryo zeta
did not contribute with mixer cell or posterior cell angle measurements, since they did
not fulfill the aforementioned criteria (see figure 41, appendix A). Also, the mixer cell
measurements for embryo gamma were excluded, since they represented a late zipping
stage (see panel on embryo gamma in appendix A).
Strikingly, mixer cells showed a significant different cell behavior compared to their pos-
terior neighbors (figure 20 E - H, Welsh Two Sample t-test). The median of the angles
of mixer cells was around -30◦, whereas the median of the angles for the posterior neigh-
bors scored with 0◦. This was true when comparing mixer cells with posterior neighbors
for different datasets: when comparing measurements of all zipping sites (figure 20 E),
when comparing measurements without the two zipping sites of embryo delta that had
inconclusive measurements due to its late dorsal closure stage (figure 20 F), when com-
paring only stabilized overlaps with identified prospective AJs (see section 3.3.5, figure
20 G), and when comparing measurements for stabilized interactions without embryo
delta (figure 20 H). The variability of the angle measurements was gradually reduced
by the mentioned selection of certain conclusive, stabilized angle measurements. Inter-
estingly, the interaction surface between opposing LE cells for mixer cells showed more
often putative AJs compared to their posterior neighbors (68 % versus 55 %).
It appeared that mixer cells showed a more pronounced behavior, namely that the left
side LE cells would protrude over the right ones. In contrast, the neighboring posterior
cells within the same compartment showed a higher variability and no clear trend of
lamellar overlap organization, as angles were recorded from +60 to -60◦.
We conclude, that the mixer cells differed from posterior neighbors and therefore might
be important for the establishment of differing cell behavior of anterior and posterior
cells (see also next section 3.4). Since only 13 out of 60 posterior cells were designated as
mixer cells, for comparisons of the anterior and the posterior compartmental cell beha-
vior, the mixer cells and posterior cells were treated as one category, namely ”posterior”.
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3.4 The recognition process during zipping appears to be compartment-
specific and dependent on the left-right axis
3.4.1 The anterior and posterior compartmental cells show an alternating
lamellar overlap organization within an embryo
The different lamellar overlap organization at the zipping site was already shown in figure
16 for embryo beta. The switch at compartment boundaries and the alternating beha-
vior between the anterior and posterior compartment are displayed for all the embryos in
figure 21. Angle measurements of cells in early and mid zipping were included, those of
late zipping excluded. The hallmark of late zipping is the almost vertical, epithelia-like
interface of former opposing leading edge cells. Since the seam would score with 0◦ in
the established measurement process, those values were excluded for further plotting of
anterior versus posterior compartment.
Except for embryos alpha and zeta, both the anterior and posterior compartment were
covered in the serial section collection of the zipping site. A biostatistical comparison
of the anterior versus the posterior compartment for an embryo revealed a significant
difference for embryos beta, gamma, the posterior zipping site of embryo delta, and em-
bryo eta.
This representation highlights the untypical cell behavior of anterior cells of embryo zeta
(see also figure 17). Further analysis excluded the angle measurements of embryo zeta,
when indicated, since it appeared to account for a distinct type of cell behavior.
The data suggested an importance of the left-right axis for assisting in the establishment
of proper cell-cell recognition and matching at the zipping site. A role of the left-right
axis during development is described only later during embryogenesis, during gut and
testis rotation. Here, a different cell behavior is suggested, depending on the left-right
axis and on the positional identity. Anterior right cells protruded over opposing left
ones, whereas posterior cells showed an alternate behavior with left cells protruding over
the right ones. The cell-cell recognition process appeared to be compartment-specific,
and non-random. It pointed towards a putative significant impact of lamellar overlap
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Figure 21: Lamellar overlaps of opposing LE cells differ significantly within the
anterior and posterior compartment.
Angle measurements of the anterior (magenta) and posterior (cyan) compartment of the
eight investigated embryos alpha to eta. Measurements of early and mid zipping stages
were included, late zipping stage measurements were excluded. Also, mixed interactions
between anterior and posterior opposing cells were excluded. Data was normally distributed
according to the Shapiro-test, the Welsh Two Sample t-test revealed significant differences
of the anterior and posterior compartment within embryo beta (***) and embryo gamma
(***). Embryos delta posterior canthus and embryo eta were not normally distributed. The
Mann-Whitney U-test revealed a significant difference in the measured angles of the anterior
and the posterior compartment within the posterior canthus of embryo delta (**), and within
embryo eta (***). p-value < 0.001 (***). p-value < 0.01 (**).
organization as a consequence of positional information and differential recognition.
To test whether the recorded angle measurements were influenced by the position
within the embryo along the anterior-posterior axis, the angle measurements were plotted
according to their segmental identity (figure 22). The fly embryo is regularly patterned,
three thoracic segments are followed by eight abdominal ones. The eight investigated
samples spanned a subset of those segments (figure 22 A). Angle measurements of early
and mid zipping stages were pooled of seven samples, excluding embryo zeta that fea-
tured contrary cell behavior compared to the majority of zipping sites. In figure 22 B
the contribution of a certain embryo to a distinct segmental compartment is listed. The
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Figure 22: Pooled angle measurements of lamellar overlaps from sampled zipping
sites to a hypothetical embryo.
(A) Schematic of an embryo, showing the respective thoracic segments T1-T3 and the
abdominal segments A1-A7. The repetitive nature of anterior and posterior compartments is
indicated. (B) Table summarizing which embryo contributed its angle measurements (from
the previous figure) to which segment in the hypothetical embryo. (C) Angle measurements
along the anterior-posterior axis of the hypothetical embryo, from abdominal segment A1 till
A7.
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alternating cell behavior, dependent on the anterior or posterior identity, became ap-
parent from abdominal segment A3 onwards to segment A7 (figure 22 C). Independent
of the position within the embryo, anterior cells showed a different cell behavior from
posterior ones (compare for instance segment A4 with A5). The measurements of em-
bryo delta (see figure 18) contributed to abdominal segments A1 and A2, rendering the
resulting angle measurements of those segments inconclusive. Based on those results,
we concluded that the angle measurements were independent of the segmental position
within the embryo, at least for abdominal segments A3 to A7.
3.4.2 The majority of left anterior LE cells dives underneath right opposing
ones, whereas the majority of left posterior LE cells protrudes over
opposing right ones.
In order to achieve a better insight into the alternating cell behavior of anterior and
posterior compartmental cells, various comparisons of different datasets for anterior and
posterior cells were performed.
Figure 23 collocates various box plots for different data sets as indicated and described
in the figure legend. The category of ”mid compartment” was not introduced before.
This category comprised 10 subsequent angle measurements per compartment for each
collected zipping site. These 10 angle measurements were taken from the middle of one
compartment. Whenever less than two cells were segmented for a compartment, angle
measurements were omitted, since those did not correspond to a mid region within the
compartment. Only mid zipping cells were taken into account and mixed interactions
between cells of differing compartments were omitted. Seven zipping sites contributed
to measurements of the anterior compartment, and five zipping sites contributed to the
posterior one.
The observed different cell behavior, of anterior right cells protruding over left ones
and that of posterior left cells protruding over right ones, was significant for all tested
categories (p-value < 0.001 (***)). When excluding measurements of the inconclusive
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Figure 23: Cells of the anterior and the posterior compartment show a significantly
differing cell behavior.
Angle measurements of opposing anterior and posterior cells show a significant difference.
The panel displays various box plots comparing different datasets, as indicated, for the
anterior and the posterior compartment. The horizontal lines distinguish three different
categories: All overlaps comprised all angle measurements of early and mid zipping stage,
non-mixed cell interactions. Stabilized overlaps refers to angle measurements of interaction
sites with identified AJs. Mid compartment designates 10 angle measurements in the middle
of a segmented anterior or posterior compartment. The vertical rows distinguish four different
cases: All overlaps comprised all collected eight zipping sites. The remaining three cases
comprised datasets where the measurements of one or more embryos were excluded (delta and
/ or zeta). The data was normally distributed (Shapiro-test), except for the measurements
of ”mid compartment, without delta” and ”mid compartment, without delta and zeta”. The
Welsh Two Sample t-test was applied to normally distributed data and the Mann-Whitney
U-test to not-normally distributed data. p-value < 0.001 (***).
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embryo delta and embryo zeta with the inverted cell behavior, the median for the an-
terior and the posterior compartment became more pronounced. This difference was
even more distinct when analyzing only stabilized overlaps. The median angle for an-
terior cells was approximately 30◦ for anterior cells and approximately -19◦ for posterior
ones when excluding measurements of embryos delta and zeta. Overall, the variability
of angle measurements was reduced when omitting embryos delta and zeta. The com-
parisons of angle measurements of the different compartments recorded in the middle of
a compartment naturally comprised less data points. This might be a reason why the
difference between anterior and posterior cells was not as pronounced, but still similar
to the angle measurements covering a whole compartment. This might indicate, that
the middle of the stripe is not the sole instructor of cell behavior.
In summary, the interacting anterior and posterior compartmental cells showed a
significantly altering lamellar overlap structure. This is once more emphasized in fig-
ure 24, where rose plots display the frequency of a certain angle measurement for the
anterior and the posterior compartment for all measurements and for stabilized inter-
actions without embryos delta and zeta, respectively. The alternating trend of anterior
and posterior cell behavior was apparent. The switch of cell behavior occurred close
to the compartment boundary and seemed to involve the left-right axis in addition to
cellular identity.
Strikingly, the median for the anterior or the posterior compartment was differently
pronounced. For instance, the posterior median deviated less from 0◦ than the anterior
one when comparing measurements of stabilized overlaps without embryos delta and zeta
(figure 23). A possible explanation for the less pronounced dominance of posterior left
cells protruding over opposing right ones may be found when plotting the distribution
of measured angles along the zipping site (figure 25). Posterior angles were more often
recorded towards late zipping stages (peaks from 20 - 30 µm), where the measured angle
tended towards 0◦. Thus, given a more even distribution of anterior and posterior angle
79
3 Results: Cell-Cell Recognition During Zipping
−75
−60
−45
−30
−15
0
15
30
45
60
75
−90 90
count 10 20 30 40 50 60
-[°] + [°]
−75
−60
−45
−30
−15
0
15
30
45
60
75
count 10 20 30 40 50 60
90−90
-[°] + [°]
−75
−60
−45
−30
−15
0
15
30
45
60
75
count 10 20 30 40
90−90
-[°] + [°]
−75
−60
−45
−30
−15
0
15
30
45
60
75
-[°] + [°]
count 10 20 30 40
90−90
a
ll
 o
v
e
rl
a
p
s,
 a
ll
 z
ip
p
in
g
 s
it
e
s
anterior posterior
st
a
b
il
iz
e
d
 o
v
e
rl
a
p
s,
w
it
h
o
u
t 
d
e
lt
a
 &
 z
e
ta
Figure 24: Rose plots representing the inverted cell behavior of the compartments.
Rose plots displaying the frequency of a certain range of angle measurements from -90 to
+90◦. The inverted trend of angle measurements for anterior and posterior compartmental
cells was obvious when comparing all overlaps and all zipping sites, as well as when comparing
only stabilized overlaps excluding zipping sites of embryos delta and zeta.
measurements, one might find similar pronounced medians, deviating from 0◦ to the
same extent. Alternatively, the less pronounced median for posterior cells might reflect
the pooling of mixer cells with their posterior neighbors (see section 3.3.6). As shown
in figure 20 E, mixer cells featured a median angle measurement of -30◦, whereas the
neighboring posterior cells scored with a median of 0◦. This might reflect the exceptional
role of mixer cells that cross segment boundaries via transdifferentiation. It remains a
possibility, that the mixer cells held a special instructive role for the establishment of
cell behavior and thus lamellar overlap organization.
The anterior and compartmental identity was able to explain the observed alternat-
ing cell behavior. Other variables could account in addition for the differing alternating
lamellar overlaps. Although biologically highly unlikely, I wanted to test whether the
distance from the zipping site, meaning the distance from the opening affected the angle
values. As mentioned above, this analysis was complicated by the fact that the majority
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Figure 25: Differing frequency of angle measurements along the zipping site.
(A) Comparison of the distribution of angle measurements for the anterior and posterior
compartment along the zipping site. Angle measurements including early and mid interac-
tions and measurements of all the eight collected zipping sites. (B) Same as in A; plotting
only angle measurements of stabilized overlaps.
of anterior cells was present close to the opening and posterior ones were more distant
from the opening, representing later zipping stages. A covariant analysis with ANOVA,
a so called ANCOVA, was impossible to perform, since the assumptions for the test
were not met by the acquired data set. The distance values were not independent of the
anterior or posterior cell identity.
From a biological point of view, the hypothesis of distance from the zipping site account-
ing solely for the observed switch of lamellar overlaps at the compartment boundary, was
rejected. The only influence the distance from the zipping site held was in form of the
zipping stages, independent of anterior or posterior cell identity. The later the zipping
and especially towards late zipping stages, the interface of the overlapping, opposing
leading edge cells was raised horizontally, forming the characteristic interaction surface
of cells within one epithelium.
In summary, the analysis of seven zipping sites via CLEM revealed a different lamel-
lar overlap organization within the anterior and the posterior compartment. A switch
of behavior correlated with the presence of the compartment boundary. One embryo
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presented an exception to the found pattern, its inverted cell behavior might be due to
mismatching and sorting steps complicating proper cell-cell recognition. Alternatively,
the left-right axis might have been not established correctly.
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4 Discussion: Cell-Cell Recognition During Zipping
4.1 The power and limitations of correlative light and electron micro-
scopy
I established correlative light and electron microscopy to study the cell-cell recognition
mechanism during zipping. Correlative microscopy was key, and information on both
the anterior and posterior compartmental identity of cells, combined with knowledge
on the structural organization of the lamellar overlaps was obtained (figure 11 A). The
established protocol relies on two essential factors: First, I employed the protocol es-
tablished by Kukulski et al. [2011], utilizing a gentle and slow freeze-substitution in
the presence of low heavy metal concentration. Second, GFP signal was best preserved
through the detrimental sample preparation steps of dehydration, heavy metal fixation,
and ultraviolet irradiation when using a very strong expression (figure 11 G). Strong
expression of GFP was achieved by utilizing a fly stock developed at Janelia Research
Campus (Pfeiffer et al. [2012], figure 12 A) that was optimized for optimal translation
via viral enhancers. The fly stocks employed in this correlative study were the basis for
Nern and colleagues to study neuronal networks within the Drosophila medulla by light
microscopy (Nern et al. [2015]). They modified the stocks further, such that each neuron
could be stochastically labeled with a different fluorophore, tethered to the membrane.
Thereby, single neurons could be distinguished within the densely packed brain in order
to elucidate cell arrangements.
The fly stocks by Pfeiffer and colleagues (Pfeiffer et al. [2012]) proved very powerful in
my hands: very remarkably, when I collected serial sections six weeks after completion
of freeze-substitution, the sections still possessed a sufficient preservation of GFP fluor-
escence (figure 13 D). Nevertheless, light microscopy imaging needed to be performed
best within two days after serial sectioning as after this step fluorescence decayed faster.
The long retention of the GFP signal within the plastic samples proved fundamental for
the simultaneous processing of several samples, allowing for the collection and analysis
of eight different zipping sites in this study. These improvements were essential as this
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is the first CLEM study involving such large volumes. Previous studies utilizing in-resin
fluorescence retention investigated a smaller volume of interest; thus if light microscopy
was performed on a few sections within a very short time, the fluorescence retention of
commonly employed strains and stocks was sufficient (Kukulski et al. [2011], Fabrowski
et al. [2013]).
I tested several fluorophores for their suitability for CLEM. Although neither the fluores-
cence of mCherry nor mNeonGreen were retained at all (figure 11 C, D), they might still
hold the capacity to function in the established set-up if expressed at higher concentra-
tions and if confined to sub-cellular structures such as the membrane for increased local
concentration and thus signal detection. Alternatively, the SNAP-tag might still be a
choice in other correlative studies, if problems concerning the specific chemical labeling
post-sectioning could be addressed (figure 11 E). The SNAP-tag was already success-
fully used in correlative studies on the molecular arrangement of cadherins in adherens
junctions of mouse epithelial cells (Perkovic et al. [2014]).
The correlative light and electron microscopy approach I implemented for studies of
dorsal closure holds a great power to study other biological questions during fly devel-
opment. By employing a specific Gal4-driver, one could readily label cells or tissues of
interest during a certain developmental process with the strong GFP signal. Correla-
tion of the LM and the EM of the very same section is now feasible, yielding optimal
correlative analysis. For instance, as already started at the Janelia Research campus,
mapping specific neurons within the fly brain could give structural and functional insight
(Nern et al. [2015]). Relating this to dorsal closure, stochastic labeling of individual cells
within the epidermis and subsequent analysis might reveal individual cell behavior.
Correlative microscopy has become a very powerful tool to study a plethora of biolo-
gical questions in model organisms. The combined power of the two imaging modalities
gives insights into processes that otherwise would be difficult to approach (de Boer
et al. [2015]). Correlative microscopy is always adjusted to the biological system of
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interest. Lately, the correlation even becomes multimodal: Karreman and colleagues
combined intravital microscopy of metastatic mouse cells with X-ray microscopic com-
puter tomography. Thereby, they relocate the imaged cancer cell for subsequent targeted
ultrastructural analysis via focused-ion beam / scanning electron microscopy (Karreman
et al. [2016]). A few groups performed CLEM analysis via array tomography, combining
super-resolution microscopy with scanning electron microscopy to study mouse nervous
systems (Micheva and Smith [2007]) and gap junctions in C. elegans (Markert et al.
[2016]). Reduced photobleaching was achieved by performing light microscopy under
cryogenic conditions. The challenge was to maintain the sample in a vitrified state during
FLM and EM by the help of dedicated cryo-holders (Sartori et al. [2007], Schwartz et al.
[2007], Schorb et al. [2016]). Also, the development of integrated microscopes at cryo-
genic conditions could simplify the working process. With integrated cryo-microscopes,
one could reduce ice-contamination since transfer of the sample could be omitted and
one could circumvent the need to transfer the coordinate system from one microscope
to another.
For this study, sample preparation and data acquisition equaled the time needed
for data analysis. For the study of even larger volumes, this picture changes. Recent
developments in sample preparation and data acquisition shifted the bottleneck towards
the data analysis part. A lately introduced automatic tape-collecting ultramicrotome
(ATUM) was shown to be capable of collecting thousands of serial sections of the mouse
cortex with highest accuracy within a minuscule amount of time (Schalek et al. [2011],
Hayworth et al. [2014]). By recording scanning electron micrographs of these very thin
sections, one omits the time-consuming acquisition and reconstruction of electron tomo-
grams while achieving a sufficient resolution. Zeiss lately introduced a scanning electron
microscope, where 61 beams acquire in parallel data of serial sections that were placed
on a wafer support. Per second, 1.22 Gigapixel are generated, at a resolution of 1 to
4 nm per pixel (Eberle et al. [2015]). Also, structural neurobiology is employing serial
block-face scanning electron microscopy or focused-ion beam scanning electron micro-
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scopy to study neuronal arrangements and synaptic connections, acquiring terabytes of
datasets where information of the connectome needs to be extracted (Takemura et al.
[2013], Maco et al. [2014]).
The analysis of these substantial datasets either relies on manual segmentation of fea-
tures of interest or employs automatic segmentation algorithms. An alternative is based
on ”citizen science”. Citizen science describes the effort to involve the general public in
scientific projects. On the one hand, people can gain a better understanding on how
science is conducted. On the other hand, the researchers benefit from people assisting
in the time-consuming analysis process. Successful citizen science projects include the
www.eyewire.org project, where the connectome of the mouse retina was segmented (Kim
et al. [2013]), or the project www.fold.it, where people performed better than computers
in finding the entropically most favorable and stable folding state of several proteins of
interest (Cooper et al. [2010], Khatib et al. [2011]). Also, several attempts to train com-
puters to segment features of interest (pixel and object classification algorithms, Ilastik)
have proven to assist in the segmentation process in numerous neurobiological structural
projects (Kreshuk et al. [2011], Maco et al. [2014], Kreshuk et al. [2014]). Nonetheless,
accurate tracing of sub-cellular features of interest within dense environments with a low
signal-to-noise ratio (as is the case for my dataset) remains a challenge and currently
available automated segmentation algorithms fail. Moreover, an algorithm is always op-
timized for the analysis of a specific problem and dataset. Therefore, without modifying
the algorithm to the needs and specific characteristics of the own dataset, a successful
application from one system to the other remains a challenge.
4.2 The lamellar overlap organization of zipping cells is dependent on
the anterior-posterior compartmental identity and the left-right
axis
With the established CLEM protocol, I was able to analyze eight complete zipping sites
and gain knowledge on the lamellar overlap structure in relation to the compartmental
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identity of the cells involved. I extracted both descriptive data on the cell-cell interac-
tions (i.e. panel on embryo beta, figure 16 B, C), as well as quantitative data on the
lamellar overlap angle (figure 14) or the number of cell-cell interactions (figure 15) for
comparative analysis.
The analysis of individual zipping sites revealed similarities and differences in the or-
ganization of the overlaps of opposing LE cells (figure 21). Five out of eight analyzed
zipping sites showed a common organization of lamellar overlaps. These cell-cell interac-
tions suggested a dependence not only on the anterior-posterior cell identity as previously
shown but also on the left-right axis (section 3.4). Thereby, the protrusions of anterior
compartmental cells from the left side preferentially dived underneath the anterior com-
partmental cells from the opposing, right side. In turn, the posterior compartmental
cells from the left side preferentially protruded over the posterior compartmental cells
from the opposing, right side. This switch of cell-cell interaction behavior correlated well
with the compartmental boundaries (figure 23). In many instances, this switch was not
accurate. In particular for overlaps of posterior cells, a transition zone was observed (e.g.
embryo epsilon, appendix A, figure 39). At the zipping site of embryo epsilon, the zipping
canthus progressed from the posterior compartment to the anterior one, and it appeared
as though the anterior cells might have influenced the overlapping angles of the posterior
cells closest to them. As the anterior compartment generally comprises one to two more
cells than the posterior, more matching cells within the anterior compartment are free to
follow the preferred interaction rule of the left side diving under the right side, without
disturbance from neighboring posterior cells that prefer the opposite way of matching.
This may be the reason why the rule is more evident for matching anterior compart-
mental cells and accordingly, due to the fewer possible opposing interaction partners,
the posterior cells might show less pronounced overlap rules. Interestingly, cells situated
at a compartment boundary appeared to be slightly more often in contact with other
cells from the opposing side. A maximum of four interactions between one cell from one
side with four cells from the other side was observed, and those cells were often situated
at compartment boundaries and within a ”mixed” overlap of anterior and posterior op-
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posing cells (appendix A, table 3). By contacting many cells on the opposing side, the
compartment boundary might be read out by different adhesion properties of anterior
and posterior cells. Thus, an initial mismatch between anterior and posterior opposing
cells could be corrected to ensure proper alignment of the compartments. Studying the
behavior of the majority of cells in the analyzed zipping sites, I conclude that the switch
in cell behavior correlated strongly with the observed compartment boundary (signific-
ant difference, see figures 23 and 24).
For one sample, that of embryo delta, an inconclusive cell behavior was observed (see
embryo delta, figure 18). However, live imaging showed that the more dorsal closure
progresses, the more chaotic it becomes. In particular, with high frequency the zipping
front can jump several cells that will interact only later. In this way the initially clear
zipping front becomes less well defined. Since the dorsal hole of embryo delta was almost
completely closed (see figure 18 A) and the contact surface between opposing cells ap-
peared not as large (figure 18 C), the trend seen for the other five zipping sites might be
masked. Most likely therefore, the inconclusive lamellar overlap arrangements of embryo
delta were due to the presence of poorly defined zipping sites.
Within the eight analyzed zipping sites, only one was situated at the anterior end of the
dorsal opening (embryo delta anterior). The experimental set-up did not allow for choos-
ing between the anterior or the posterior zipping site for section collection. Only after
section collection, a thorough analysis of anatomical landmarks revealed the anterior
or posterior canthus identity (figure 13 F). The lamellar overlap organization appeared
rather consistent along the anterior-posterior body axis for the different segments, al-
though the measured angles of embryo delta proved hard to interpret (figure 22). It
appears that the lamellar overlap organization is regulated in the same fashion for all
the segments, from the most anterior segments to the most posterior ones.
Contrary to the other analyzed zipping sites, one out of eight sites (embryo zeta, figure
17) featured a clearly left/right biased lamellar overlap organization, but with reversed
orientation. Anterior cells from the left side protruded over the opposing partner cells
from the right. Unfortunately, I could not analyze any neighboring posterior cells and
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therefore no conclusion about an alternating behavior between the anterior and posterior
compartment can be drawn. There are four possible interpretations for the observed con-
tradicting behavior of the anterior cells of sample zeta: 1) Live imaging before sample
preparation revealed a shift along the anterior-posterior body axis of matching compart-
ments (figure 17 A). It is possible, that this prevented matching cells from connecting
to their correct opposing partners, as their filopodia normally cannot extend to con-
nect with cells more than two to three cell diameters away. This small mismatch might
result in the contradicting lamellar overlap and would be sorted out later. Whether
the observed misplacing of opposing compartments is the cause or the consequence of
the inverted, differing cell behavior could not be answered. 2) The establishment of
the left-right axis might have failed (see also upcoming sections 4.5 and 4.6). 3) Since
the method is not high-throughput, the eight analyzed zipping sites might not account
for the real frequency of cell behavior. Embryo zeta might represent 50 % of the ob-
served lamellar overlap structure in nature. If this was the case, the establishment of the
asymmetry, the rise of the left-right axis, might be controlled via a stochastic trigger.
Thereby, half of the embryos would establish a left-right and the other half a right-left
asymmetry, that would be later relayed and maintained. Also, a ratio of 10 % to 90
% is possible. To get a better insight about the distributions of the observed contrary
phenotypes, more data would be necessary. The establishment of left-right asymmetry
later during fly development is discussed in more detail in section 4.5. Very interestingly,
the rotation of the testis possesses a 100 % prevalence of a dextral turn in wildtype flies
(Spe´der et al. [2006]). If similar mechanisms would regulate the establishment of a left-
right asymmetry during dorsal closure, one would expect an equivalent robustness. 4)
The observed bias for a specific lamellar overlap organization of the majority of analyzed
cells might be coincidental and the observed left-right asymmetry during zipping might
not exist.
The observed correlation of the regular lamellar overlap pattern with anterior-posterior
identity and the left-right axis dismisses the possibility of a solely tension-based zip-
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ping process. Hypothetically, the tension created by the supra-cellular actomyosin cable
within the LE cells could mechanically constrain certain cell-cell interactions. Thereby,
cells of a specific compartment would be mechanically constrained from fusing with cells
of the same compartment, within another segment.The tension could ensure that a mis-
match between wrong opposing segments was mechanically unfavored and could not be
stabilized. The observed regular pattern does not exclude a contribution of the actomy-
osin cable to matching. Embryos mutant for the cell adhesion molecule Echinoid and
thus devoid of the actomyosin cable within the LE cells showed mismatching defects
during zipping (Laplante and Nilson [2006], Lin et al. [2007]). Pairing of cells from one
compartment with cells from two opposing compartments, as well as pairing of adjacent,
but not opposing compartmental cells was observed when contacts were established per-
pendicularly to the dorsal midline (Lin et al. [2007]). Recent data from the Brunner
lab points towards an importance of the actomyosin cable during zipping and match-
ing (Pasakarnis et al. [2016]). Embryos selectively and acutely depleted for MyosinII
in the epidermis lacked the supra-cellular actomyosin cable. Dorsal closure was slightly
delayed but successfully closed the dorsal hole. The effect of epidermis-specific MyoII
depletion was more pronounced during zipping. The LE cells had more protrusions and
these were longer, enabling cells of the same compartment but from different segments
to contact and interact, causing a significant delay in zipping and a puckering phenotype
(Pasakarnis et al. [2016]).
If the matching process during zipping was regulated via the supra-cellular actomyosin
cable in the epidermis cell bodies alone, the flexible parts of the cells, namely the filopodia
and lamellar overlaps, would show a random, non-conclusive pattern. Since I observed a
regular lamellar overlap pattern, I speculate that this organization is achieved via cell-
cell recognition. The actomyosin cable might aid the matching process by generating
a tension-based threshold, rendering mismatches of compartments of different segments
harder.
In the following sections, I introduce and discuss the concepts of positional inform-
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ation and of left-right asymmetry. Next, I try to combine those concepts into a bigger
picture, proposing a putative mechanism on how cell-cell recognition during zipping
could be achieved.
4.3 How to establish positional information within a tissue
The correlative analysis of the lamellar overlap pattern and the compartmental identity
at the zipping site revealed for the majority of analyzed zipping sites a regular, signific-
antly alternating cell behavior. Both the anterior and posterior compartmental identity
and the position along the left or the right side of the embryo, respectively, appeared to
influence the organization of opposing LE cells.
How could this differential lamellar organization be achieved? As already outlined in
section 1.3, epidermal cells acquire positional information along the anterior-posterior
body axis via a genetically tightly regulated hierarchical cascade of the segmentation
control genes. Positional information refers to the process when cells acquire their posi-
tion in relation to their neighbors or an axis. The positional value is interpreted resulting
in differential cell fate and cell behavior (as reviewed in Wolpert et al. [2015]). The es-
tablishment of positional information follows a common theme: In Drosophila, gradients
of morphogens are established from organizer structures, and their concentration at a
specific location is translated, e.g. via the number of ligand-receptor complexes formed.
A certain morphogen concentration would activate a specific intracellular response, such
as e.g. transcription factors activating a specific set of genes.
Often, cells need to maintain their obtained positional information throughout embryo-
genesis, in morphostasis, during regeneration, and as a mechanism for cancer suppression
(Levin [2012]). Several mechanisms contribute to pattern formation and maintenance -
genetic programs imposing a specific fate on cells, directed growth and cell division, and
mechanisms ensuring boundary formation and maintenance (Meinhardt [2015]). Cells
of established compartments with lineage restriction need to resist cell proliferation and
tissue deformation without mingling (Dahmann et al. [2011]). Two possible mechanisms
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of boundary formation and maintenance are 1) differential cell adhesion (reviewed in
Steinberg [2007], McNeill [2000]), and 2) differential cortical tension (reviewed in Dah-
mann et al. [2011], Aliee et al. [2012]). 1) It was shown that cells expressing different
kinds of cadherins or different levels of the same type of cadherin sort out into separate
populations (Friedlander et al. [1989]). 2) Similarly, cells can actively generate mechan-
ical tension, resulting in contraction of their surfaces that are in contact with neighbors,
thereby becoming sorted. Monier and colleagues described an actomyosin cable at the
parasegment boundary within the Drosophila epidermis (Monier et al. [2010]). During
developmental stages 8 to 11, mitosis occurs within the epidermis. Thereby, the bound-
ary between the anterior and posterior compartment is challenged. In order to prevent
cells from invading neighboring compartments, the tension created by the actomyosin
cable at the parasegment boundary is sufficient to push cells back in their place. The
authors concluded that regulation of actomyosin contractility at the boundary was key
for boundary maintenance. From stage 12 onwards, marking the onset of DC, cell di-
vision within the epidermis stops and the cable regresses. Thus, the maintenance of
the boundary at this stage must rely on an alternative mechanism - possibly that of
differential cell adhesion. Interestingly, Monier and colleagues speculate that differential
adhesion between anterior and posterior cells was established in the first place, being
later interpreted into differential tensile properties of the two differing compartments via
regulation of Echinoid and Bazooka/Par3 (Monier et al. [2010], Monier et al. [2011]).
Thus, differential adhesion and differential cortical tension would not act exclusively, but
could rather act during different time points of development and / or within different
tissues during different morphogenetic events (Monier et al. [2011]).
Based on my correlative dataset, it appears that cells of the anterior versus the
posterior compartment within the Drosophila epidermis behave differently. This could
be accounted for by a difference of adhesion properties within the two compartments.
Also, a separation of these cells based on differential tensile properties seems possible.
Recognition during zipping appears on two levels: First, cells form contacts based on
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their anterior-posterior compartmental identity (Millard and Martin [2008], this study).
Second, the cells within a compartment sort out and find their correct opposing partner,
such that the most posterior cell on one side contacts the most posterior cell of the other
side (Millard and Martin [2008]).
I speculate that the recognition of opposing LE cells of one compartment could be
achieved via a specific set, a specific amount / activity, a specific localization of receptor-
ligand pairs. The sorting within a compartment could be achieved via gradients of ad-
hesion molecules along the anterior-posterior body axis, or alternatively via differential
tension.
4.4 Cell-cell recognition
Several pathways have been described mediating cell-cell recognition, regulating the at-
traction or repulsion of interacting cells (Halloran and Wolman [2006], Bashaw and Klein
[2010], Honda and Mochizuki [2002]). During zipping, filopodia of the LE cells sweep
their surrounding and establish contacts with neighboring and opposing cells (Jacinto
et al. [2000]). Those filopodia are replaced / remodeled into lamellipodia, and the huge
lamellar overlaps characteristic for the mid zipping stage.
The sensory function of those protrusions could be constituted via the prominent axon-
and cell-guidance cues: netrins, semaphorins, ephrins, slits and their receptors (reviewed
in Bashaw and Klein [2010]). Axon guidance plays a major role during neuronal devel-
opmental processes, such as the retinotectal mapping and crossing of the midline, and
underlying principles are also applied during tissue boundary formation in somitogenesis
and hindbrain development (Halloran and Wolman [2006], Umetsu et al. [2014]). Sig-
naling during axon guidance regulates changes in actin and microtubule dynamics, as
well as changes of adhesive properties. Common themes of signaling include endocyt-
osis, proteolytic processing of receptors for activation, second messengers and Ca2+ to
modulate activity of actin and microtubule effectors (Bashaw and Klein [2010]). Very in-
terestingly, both Semaphorin and Eph receptor signaling were implied in closure events.
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During ventral enclosure in C. elegans, a process that is reminiscent of dorsal closure,
both semaphorins and ephrins mediate cell-cell recognition for proper matching of op-
posing cells (Ikegami et al. [2012]).
The sensory function of filopodia during zipping could also be mediated via cell adhe-
sion molecules of the cadherin and immunoglobulin IG superfamilies, similar to neuronal
development (Zipursky and Grueber [2013], McNeill [2000]). Thousands of different iso-
forms of the Drosophila Dscam1 locus are produced via alternative splicing (Zipursky
and Grueber [2013]), equipping each neuron with a unique combination of expressed
isoforms. Thereby, protrusions (dendrites, axons, postsynaptic elements) from the same
cell selectively do not interfere. This process is termed self-avoidance.
Further, cell-cell recognition and pattern formation can be achieved via lateral inhib-
ition. The signaling of the extracellular ligand Delta to neighboring cells expressing
the receptor Notch is well described in the establishment of bristles in the Drosophila
notum. The cell expressing Delta first establishes the mechanosensory organ precursor
cell. This cell laterally inhibits neighboring cells presenting the Notch receptor from
adopting the same cell fate (Cohen et al. [2010]). The authors speculate that dynamic
filopodia signaling, creating structured noise allowing for pattern refinement, would be
an ideal alternative to morphogen diffusion as a mediator of developmental signaling at
a distance. Based on computational modeling, stripes and spots of different cell types
were simulated by modulation of the signal strength and the length of the described
dynamic filopodia (Cohen et al. [2010]).
Combining the mentioned cell-cell recognition molecules on a qualitative and / or
a quantitative level holds a great potential. Positional information along the anterior-
posterior body axis might result in cells expressing an exclusive code of cell-cell recog-
nition molecules. Based on my acquired correlative data, I conclude that at least cells
from the anterior and the posterior compartment differ (figure 23). It is possible that
one cell at the compartment boundary or within the compartment is sufficient to medi-
ate the alternating cell behavior, being instructive on the neighboring cells within the
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same compartment. In this respect, a closer look on the cellular behavior of mixer cells
appeared advisable (section 3.3.6). Mixer cells were described as transdifferentiating
cells, changing from anterior to posterior compartmental identity (Gettings et al. [2010],
Gettings and Noselli [2011]). When comparing the lamellar overlaps of mixer cells with
their neighboring posterior cells, the mixer cells showed a more pronounced tendency
with a median of -30◦ compared to 0◦ (figure 20 E - H). Therefore, the mixer cells
might possess a specialized positional information along the anterior-posterior body axis
and hold a special function during matching. Millard and Martin speculated on mixer
cell function for precise alignment within the compartment and attributed a keystone
function to those cells (Millard and Martin [2008]).
Due to the rather low number of analyzed mixer cells, they were pooled with their
posterior neighbors for comparative analysis of anterior versus posterior cell behavior.
More data on mixer cells of more zipping sites would be necessary to study their func-
tion properly. Gettings and colleagues modified the number of occurring mixer cells by
either overexpressing activated or dominant-negative JNK pathway components (Get-
tings et al. [2010]). Within the embryos without JNK activity, no mixer cells were
specified, resulting in mismatching defects. However, the embryos also lacked the proper
actomyosin cable within the LE cells. Thus, a direct effect of mixer cell presence on
matching could not be distinguished from the missing tension at the leading edge assist-
ing in proper matching. Studying the mentioned embryos with modified JNK activity
with my established correlative analysis might spread further light on the importance of
mixer cells during matching.
Mismatches between cells of the same compartment but of different segments were
observed, creating X- and Y-shaped patterns (Millard and Martin [2008]). Therefore,
the recognition appears not segment-specific. Each segment within the Drosophila epi-
dermis possesses a unique identity imposed by the expression of homeotic selector genes.
However, independent of the segment identity, all cells from a compartment appear to
feature the same set of recognition entities (being it a specific set of cell adhesion mo-
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lecules or specific tensile properties). This would argue for Engrailed and Wingless being
in control for the establishment of specific recognition properties.
To identify underlying mechanisms and molecules regulating the matching of oppos-
ing LE cells during zipping, a Ph.D. student from the Brunner lab, Magdalene Adamczyk,
performed a forward ethyl methanesulfonate mutagenesis screen (Adamczyk [2016]).
Further, she analyzed mutants of factors involved in the recognition process during axon
guidance such as semaphorins and ephrins. Unfortunately, no robust phenotype could
be identified, most likely due to the experimental set-up where maternal contribution
likely masked the outcome. Nevertheless, the axon guidance molecules remain promising
candidates for mediating cell-cell recognition during zipping.
4.5 Left-right asymmetry is a recurring motif during Drosophila melano-
gaster embryogenesis
I showed that the lamellar overlap pattern of zipping cells appeared to be dependent on
a left-right axis (section 3.4.2). Evolution generated a diversity of left-right patterning
from cells to organs (Coutelis et al. [2014]). The left-right axis is established in relation
to the anterior-posterior and dorso-ventral body axes in a secondary step (Levin and
Palmer [2007]). Similarities of symmetry breaking are found between phyla, as reviewed
in Coutelis et al. [2014], Spe´der and Noselli [2007], and Vandenberg and Levin [2013].
The most prominent identified mechanism of left-right establishment might represent not
the initial symmetry breaking event, but rather the asymmetry relaying and maintaining
event. An asymmetric Nodal flow is observed within the mouse node, establishing differ-
ential gene expression on the left and the right side (reviewed in Coutelis et al. [2014]).
The flow is established via nodal cilia, that are asymmetrically positioned towards the
posterior side of the node cell due to planar-cell polarity signaling. The microtubule as-
sembly and the specific function of microtubule motors determines the orientation and
beat of the cilia and thus the Nodal flow. Another mechanism of left-right establishment
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is found during the first cleavages of a Xenopus embryo: due to planar cell polarity
(PCP) signaling, the cytoskeleton asymmetrically positions ion pumps and ion channels.
This causes a difference in pH and transmembrane voltage and thus in the concentration
of small signaling molecules (reviewed in Spe´der and Noselli [2007], and Vandenberg and
Levin [2013]). Also within invertebrates such as C. elegans and snails, the actin cytoskel-
eton was shown to constitute an important role in left-right asymmetry (Coutelis et al.
[2014], Naganathan2014). Several lines of evidence now point towards the importance
of sub-cellular asymmetries in establishing left-right asymmetry on a large scale, such as
a tissue or an organ (Li and Bowerman [2010]). The intrinsic polarity of actin filaments
and microtubules, as well as motor-protein function along those oriented cytoskeletal
tracks could constitute the symmetry-breaking event that is later relayed into differen-
tial gene expression for the maintenance of the established left-right axis (reviewed in
Levin and Palmer [2007]).
In this light, studies in Drosophila indicated the importance of an unconventional myosin
motor protein for the establishment of left-right asymmetry: Although the establishment
of the anterior-posterior and dorso-ventral body axes is well understood in Drosophila,
studies on the left-right axis only emerged a decade ago. Those reports focused on other
morphogenetic events than dorsal closure, occurring later during embryogenesis and lar-
val development. Several organs in Drosophila show a handedness, among these are the
brain, the visceral organs and male genitalia. The unconventional myosin myo31DF, also
termed myoID, was identified as a situs inversus gene. Without its function, the visceral
organs (Spe´der et al. [2006]) and male genitalia (Hozumi et al. [2006]) show a reversed
looping. MyoID is symmetrically expressed in the anterior and posterior compartment
of larval segment A8, that constitutes the male genital discs. A permissive role was es-
tablished for MyoID in the anterior compartment, repressing sinistral looping. Whereas
in the posterior compartment, MyoID has an instructive role for dextral looping (Spe´der
et al. [2006]).
It was proposed that MyoID in posterior cells transports dextral-specific information
to the asymmetric junctions (at the boundary of anterior and posterior compartment)
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(Spe´der et al. [2006]). Thereby, MyoID would act as a trigger breaking symmetry. The
left-right asymmetry would need to be relayed and maintained via dedicated signal-
ing pathways (Petzoldt et al. [2012]). Adherens junctions were identified as recruit-
ers of MyoID (Spe´der et al. [2006], Petzoldt et al. [2012]). The scaffold of cadherins
and catenins might represent a signaling platform for MyoID for the establishment
and maintenance of left-right asymmetries. Computational modeling proved that the
anterior-posterior asymmetry established via asymmetric AJs and MyoID function could
be translated into a left-right asymmetry through remodeling of cell contacts via inter-
calation or rotation (Hozumi et al. [2006], Taniguchi et al. [2011]).
Apart from AJs, other regulators of MyoID have been identified: The Hox gene abdominal-
B was shown to act as an upstream regulator of myoID expression (Coutelis et al. [2013]).
The function of MyoID was shown to be independent of microtubules, but dependent
on the actin cytoskeleton (Taniguchi et al. [2007]). Myo61F, also termed MyoIC, was
shown to posses antagonistic function to MyoID (Hozumi et al. [2006]). MyoIC is ex-
cluded from AJs, as it is repressed by DE-Cadherin (Petzoldt et al. [2012]).
MyoID is a promising candidate for the establishment of the left-right axis in the
zipping epidermis. I suggest to study the effect of the established mutants (Hozumi et al.
[2006], Spe´der et al. [2006]) on matching during zipping. First, time-lapse recordings of
MyoID-mutants might reveal a mismatching phenotype or a zipping delay. If that was
the case, a thorough analysis with the established CLEM method might give further
insights into the nature of the observed mismatches: By removing MyoID function only
in one compartment by using a specific driver for the posterior or the anterior compart-
ment, one might learn about effects of MyoID on the lamellar overlap pattern. Further,
if a mismatching phenotype was present, it would be interesting to know whether the
EGFP-tagged MyoID-construct was able to rescue the phenotype. If this was the case,
it would be worth to replace the endogenous myoID locus with an EGFP-tagged MyoID
via the recently described Crispr/Cas9-technique (Jinek et al. [2012]). Then, time lapse
recordings of the endogenous MyoID might give further insights into its putative role
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for matching. If no mismatching phenotype was obvious by the initial time-lapse ex-
periments of the mutant embryos, a maternal effect possibly masked and rescued the
phenotype. The deGradFP-system is a powerful tool to acutely deplete protein function
(Caussinus et al. [2013], Pasakarnis et al. [2016]). It might be worthwhile employing
the Crispr/Cas9-technique and the deGradFP-system for tissue-specific knock-down of
MyoID with temporal control and further analysis of a possible mismatching phenotype.
4.6 Towards a mechanism for cell-cell recognition during zipping?
This CLEM study emphasized again the importance of the anterior-posterior compart-
mental identity in proper cell-cell matching during zipping and presented new evidence
for the additional importance of a left-right asymmetry.
The left-right axis is always generated in relation to the two prevailing body axes:
anterior-posterior and dorso-ventral (Coutelis et al. [2014], figure 26 A, B). The dorso-
ventral axis in this case refers to the polarization of the epithelium within the plane by
planar cell polarity signaling (Kaltschmidt et al. [2002]). An epidermal cell can read out
its position in relation to its neighbors of the same side, as they share common junctions
where signaling occurs. Along the anterior-posterior axis, the segmentation cascade in-
troduced in section 1.3, namely Engrailed, Wingless, and Hox genes enable epidermal
cells to establish their position along the anterior-posterior axis. In addition, the dorso-
ventral axis could be read out by the presence of different interfaces: the LE cells are
surrounded by epithelial neighbors on three sides. The fourth side points towards the
dorsal opening and senses the presence of amnioserosa cells (Eltsov et al. [2015]).
A summary on putative mechanisms, signaling pathways and molecular candidates for
the regulation of proper cell-cell matching during zipping is shown in figure 26 C. A lot
of questions remain, especially concerning the establishment and the maintenance of the
left-right asymmetry. Also, the molecular basis for cell-cell recognition remains elusive.
The diagram in figure 26 C revisits the introduced, starting hypothesis for the analysis
of the lamellar overlap organization at the zipping site, namely the putative differential
99
4 Discussion: Cell-Cell Recognition During Zipping
a
n
te
ri
o
r-
p
o
st
e
ri
o
r 
a
xi
s
dorso-ventral 
axis dorso-ventral axis / PCP
an
te
ri
o
r-
p
o
st
er
io
r 
ax
is
left-right axis
anterior-posterior body axis dorso-ventral body axis
symmetry-breaking event?
trigger MyoID?
lamellar overlap organization
as readout of correct matching
di!erential adhesion 
hypothesis?
di!erential cortical 
tension hypothesis?
PCP
asymmetry maintenance
cytoskeletal chirality?Engrailed, 
Wingless
ce
ll
-c
e
ll
 r
e
co
g
n
it
io
n
p
o
si
ti
o
n
a
l i
n
fo
rm
a
ti
o
n
axon-guidance molecules?
cadherins?
epithelial 
polarity?
left-right body axis
di!erential localization
 recognition cues 
apical vs lateral?
Engrailed, 
Wingless, 
Hox genes
lateral inhibition?
ligand/receptor pairs
cells with own
barcode?
left right
MATCH
anterior anterior
NO MATCH
left
anterior
left right
NO MATCH
posterioranterior
A B
dorso-ventral axis
C D
AS-epithelial 
boundary
Figure 26: Towards a mechanism for correct cell-cell recognition during zipping.
(A) Schematic of the anterior-posterior and dorso-ventral axis of an embryo undergoing
dorsal closure. (B) In relation to the anterior-posterior and the dorso-ventral axis (polarity
of the epidermis in the plane, PCP), the left-right axis could be established perpendicular
to the two prevailing axes. (C) Diagram proposing possible mechanisms to establish proper
matching during zipping. The numerous question marks indicate putative mechanisms, sig-
naling pathways and molecular candidates. Positional information establishes the left-right
body axis. How this is achieved on a molecular level, remains elusive. One possible candidate
is MyoID, as it was shown to establish left-right asymmetry in the Drosophila visceral organs
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and male genitalia. MyoID might trigger the establishment of the left-right axis within
the epidermis. The observed lamellar overlap pattern pointed towards an importance of the
anterior-posterior compartmental identity and the left-right axis for ensuring proper zipping.
I speculate that the involved cell-cell recognition mechanism might involve axon guidance
molecules. (D) Also, the introduced hypothesis of a differential localization of recognition
cues on the apical or the lateral side via epithelial polarity could explain the observed lamellar
overlap pattern. If both the left-right axis and the anterior-posterior identity would influ-
ence the localization of specific ligand/receptor pairs, matching of cells between the same
compartment would be supported, while interactions of cells from the wrong compartment
would not be stabilized. The differential localization could further account for the fact, that
cells from the same side and the same compartment cannot fuse.
localization of recognition cues on the apical versus the lateral side of the protrusions.
As schematically shown in figure 26 D, the differential localization of recognition entities
could account for proper matching and is in concordance with the observed lamellar
overlap organization in this study.
This raises of course another question: If the differential localization of recognition mo-
lecules would be proved to be true in the future, which mechanism could ensure differ-
ential ligand/receptor localization? Epithelial polarity, also termed apico-basal polarity
within epidermal cells, would constitute a candidate signaling pathway. The importance
of the apico-basal polarity, also during dorsal closure, is reviewed in Tepass [2012] and
Flores-Benites and Knust [2016]. One could speculate that dependent on players of the
apical-basal polarity, e.g. Bazooka at the AJs, ligand and receptors would be transpor-
ted via cytoskeletal tracks either to the apical or the basolateral membrane, dependent
on the left-right axis (MyoID as a transporter?) and the anterior-posterior identity.
In order to gain a better understanding on the observed left-right asymmetry dur-
ing zipping, I suggest the analysis of certain mutants. I have discussed mechanisms
for establishing positional information within a tissue and introduced a few cell-cell re-
cognition molecules. Focussing on those candidates for subsequent experiments might
shed light on a mechanism on how the left-right axis is established in relation to both
the anterior-posterior and the dorso-ventral axis. This left-right axis would then act in
concert with the anterior/posterior compartmental identity to instruct proper cell-cell
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recognition during zipping. Another promising candidate, as discussed above, is MyoID
(figure 26 C).
For the analysis of candidates, I suggest not to use the time-consuming established CLEM
analysis, as it is by no means a high-throughput one. One can also not circumvent the
rather low sample number by only analyzing a sub-volume of the zipping site with cor-
relative microscopy. Although the majority of the analyzed lamellar overlaps followed
a clear trend for the anterior versus the posterior compartment, a thorough analysis on
the zipping stage and the neighboring cells is crucial for correct interpretation of the
data.
Therefore, screening of mutants might ask for the development of yet another, faster
method for analyzing more samples at a time. Super-resolution microscopy breaks the
diffraction limit and might be capable of resolving the lamellar overlaps with a thickness
of 200 nm to 2 µm. Several transgenic fly stocks were developed for performing super-
resolution microscopy; e.g. microtubules were recorded in larva (Schnorrenberg et al.
[2016]). Further, employment of the Flybow-system (Brunner lab) might circumvent
axial resolution limits by labeling opposing cells with different fluorophores. An altern-
ative method might be the establishment of expansion microscopy for the fly embryo:
After chemical fixation the sample is infiltrated by an isotropically swellable polymer,
resulting in expansion of the sample that could be imaged with a two- to four-fold in-
creased resolution (Chozinski et al. [2016]).
4.7 Concluding Remarks
Evidence for the importance of the left-right axis in addition to that of the anterior-
posterior compartmental identity for proper cell-cell recognition during zipping is docu-
mented here for the first time. It appeared as if a dedicated, sophisticated recognition
mechanism ensured proper cell matching. A mechanism relying solely on physical con-
straints enacted via the actomyosin cable within LE cells could not explain the regular
pattern observed within lamellar overlaps of zipping cells.
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It is of major importance that zipping occurs correctly: On the one hand, a hole in the
epidermis is likely to cause infections and decrease fitness. On the other hand, zipping
needs to occur precisely for the sealed epidermis to maintain its proper segmentation
into anterior and posterior compartments. Mutations causing mismatching defects dur-
ing dorsal closure do so likewise during related tissue sealing processes that occur later
during development, e.g. during thorax closure and abdominal epidermis closure (Ninov
et al. [2007]). Those mismatches would also affect underlying structures, such as muscles,
nerves and trachea (Furlong [2004], Krzemien et al. [2012]).
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5 Results: Microtubule Organization and Morphology dur-
ing Zipping
The sealing of the dorsal hole during mid embryogenesis relies on the concerted action of
several forces. On the one hand, pulsed apical constrictions of AS cells bring the lateral
epidermal sheets closer to the midline. On the other hand, the supracellular acto-myosin
cable within LE cells provides tension to assist dorsal closure. The final force for dorsal
closure, the zipping force, was only recently suggested to be a consequence of depoly-
merizing microtubules (Eltsov et al. [2015]), and not, as previously thought mediated
by actin dynamics (Jacinto et al. [2000]). Based on large-volume electron tomography
data, Eltsov and colleagues speculated that the minus-end directed microtubule motor
protein Dynein, anchored to the cell cortex, produces the zipping force. They propose
that cortical-tethered dynein captures MTs, initiates their depolymerization and pulls
on them by its motor activity. Thus, forward movement of cellular content would be
started, as the MTs could not depolymerize freely (Eltsov et al. [2015]).
In this part of the thesis, I optimize and apply the established protocol for electron tomo-
graphy of plastic cross-sections of the fly embryo (see Eltsov et al. [2015]) to the distal,
rear part of a LE cell. Until now, only the proximal, front of a LE cell was investigated
(Eltsov et al. [2015]). I want to address how a force generated at the leading edge cell
front could be transmitted to the opposite distal cell cortex to result in a shortening of
the interacting leading edge cell fronts producing the zipping force. I will assess this by
structural analysis of the microtubule organization, spatial distribution, and dynamics
(figure 5 B).
To that means, I document the identification of optimal tomogram acquisition paramet-
ers and explain the utilization of dual-axis tomography. In order to ease segmentation,
I explored the possibility of automated tracing of MTs. Using the available methods
for automated segmentation did not trace MTs correctly within my acquired dataset.
Consequently, I present manually segmented models, describing the MTs in the distal
volume of one LE cell. I finally discuss how the observed different MT polarity integrates
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into a putative model of force transmission within the mid-zipping LE cell.
5.1 Identification of optimal electron tomography acquisition paramet-
ers to study sub cellular structures in zipping leading edge cells
Electron tomography gives great insight into the sub cellular organization (McEwen and
Marko [2001]). Reconstructing larger volumes by recording tomograms of serial sections
holds an even greater potential of elucidating ultrastructure in a larger context (Eltsov
et al. [2015]). Employment of cryo-fixation, a sophisticated freeze-substitution protocol
utilizing the non-polar resin HM20, and a dedicated microscope for the acquisition of
tomograms was proved to be superior for the study of ultrastructure (Vanhecke et al.
[2008], Nixon et al. [2009]) compared to conventional sample preparations including
chemical fixation and acquisition of 2D electron micrographs.
Details on the sample preparation, the image acquisition, the reconstruction process via
the IMOD software package, and the achieved pixel size are specified in section 2.3, Ma-
terial and Methods. The cryo-fixation of the fly embryo proved a difficult, critical step.
In first attempts, I used the available high-pressure freezing machine Leica HPM100
(Center of Microscopy and Image Analysis, ZMB, University of Zurich) for vitrification
and preservation of the sample. 2D electron micrographs revealed the presence of many
fragmented MTs (data not shown). Note that the preservation achieved with the Leica
HPM100 (ZMB, University of Zurich) gave satisfying results for the study of the lamellar
cell overlaps during CLEM analysis (section 3.1). For the cell-cell recognition analysis
during zipping, I employed a five times lower amount of heavy metals for staining to
retain fluorescence in resin, and performed no additional staining of the semi-thick sec-
tions with uranyl acetate and lead citrate. Consequently, the achieved contrast and the
recording of 2D electron micrographs instead of tomograms did not allow for the identi-
fication of non-ideal sample preparation. Nevertheless, for the study aimed at describing
the membrane organization of the lamellar overlaps and not at resolving finest details of
the ultrastructure, the achieved quality was sufficient.
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Figure 27: Single-axis tomography of opposing LE cells during mid-zipping.
(A) Low-magnification electron micrograph showing the region of single-axis tomogram
acquisition (black box). (B) Tomographic slice of the boxed region in A, exemplifying the
achieved data quality in regard to sample preparation and data acquisition. Microtubules are
labeled with red arrowheads. (C) Detail from B, showing more clearly the organization of
the preserved microtubules at the zipping front. Microtubules appeared to be fragmented.
(D) Three examples of microtubule end morphology (slicer window, IMOD). Data quality
hindered exact determination of plus and minus ends, albeit the examples shown might
represent a plus end (top) and minus ends (beneath) (white arrowheads). Scale bar depicts
2 µm (A), 1 µm (B, C), and 50 nm (D), respectively.
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As the cryo-fixation was insufficient for the ultrastructural analysis of microtubules
and their end structures, I utilized another high-pressure freezing machine: a Baltec
HPM010 from the Imaging Center at the ETH Zurich. The same model machine was
used by Eltsov et al. [2015] for excellent ultrastructural preservation. To familiarize with
the protocol by Eltsov et al. [2015] and to find optimal imaging conditions, I recorded
single-axis electron tomograms with a FEI 30 of the front, proximal part of mid-zipping
LE cells.
Figure 27 documents the achieved sample preservation and image quality. I recorded
seven tomograms of interacting, opposing LE cells during mid zipping (figure 27 A).
A tomogram slice of the reconstructed volume of the boxed region in A is presented
in figure 27 B. The close-up view in figure 27 C shows the identification of microtu-
bules within the reconstructed volume (red arrow heads). The microtubules appeared
fragmented again. Most likely, this was due to an imperfect cryo fixation, caused by
the huge volume of a fly embryo (500 µm x 200 µm), outbidding the capacity of high-
pressure freezing. The imperfect sample preservation is further presented in figure 27
D, where the challenging, difficult identification of MT end structures is exemplified.
We concluded that the achieved sample preservation and employed imaging parameters
were not sufficient for an objective investigation of the ultrastructure within this dataset.
To improve the sample preservation for the study of MTs, I tested another Baltec
HPM010 machine for high-pressure freezing (see also section 2.3.1, Material and Meth-
ods, for details on the whole sample preparation and data acquisition process). Samples
that I high-pressure froze with the Baltec HPM010 at the University of Frankfurt pos-
sessed satisfactory ultrastructural preservation (figure 28). I processed those cryo-fixed
samples and collected serial sections of mid zipping cells. Before tomogram acquisition,
the sections were first ”flattened” by applying a huge electron dose (2000 - 3000 electron
counts per A˚2) within the microscope, in order to heat and thus plane the sections,
removing folds that would otherwise deteriorate imaging quality. A limited specimen
tilting range results in missing spatial information. This missing information has the
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Figure 28: Dual-axis tomography of the distal, rear part of a LE cell.
(A) Low-magnification electron micrograph showing the two regions of interest for this
study: the mid zipping interactions of opposing leading edge cells (black box), and the distal
part of LE cells (red box). (B) Higher magnification tomographic slice of the red boxed
region in A, displaying the sample quality, the sample preservation and richness in features.
(C), (D) Detailed, tomographic slices of the 2nd row epidermal cells contacting the leading
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edge cell. (E) Utilizing the slicer function within IMOD for determination of the microtu-
bule end morphology and categorization into minus ends (light blue), and plus ends (dark
blue). Contrary to single-axis tomography (figure 27), assessing the end structure was more
straightforward, since the signal-to-noise ratio was improved. In the figure, several struc-
tures are labeled: microtubules (MTs, red arrow heads), Adherens junctions (AJs), Golgi
(G), nucleus (N), rough endoplasmic reticulum (ER), mitochondrium (M), vesicle (V), vitel-
line membrane (VM), and perivitelline space (PVS). Scale bar depicts 1 µm (A – D), and
50 nm (E), respectively.
shape of a missing wedge in the Fourier space of reconstructions (Kova´cˇik et al. [2014]).
Therefore, I recorded dual-axis tomograms of the distal part of a LE cell (figure 28 A,
red box). The recording of a tilt series from + to - 60◦, turning of the sample by 90◦,
and the additional recording of another tilt series, reduces the missing wedge in the fre-
quency domain of the image (Mastronarde [1997]). Thus, far greater representation of
sub cellular features is achieved by missing only spatial information of the ultrastructure
due to a missing pyramid, and not a missing wedge (Mastronarde [1997]). As seen in
tomographic slices of reconstructed volumes of the rear LE cell (figure 28 B, C, and D),
the wealth of detail was far enhanced compared to single-axis tomography (figure 27).
Even more importantly, the method improved the reconstruction and assessment of mi-
crotubule end structures. Figure 28 E depicts identified minus and plus end structures,
reconstructed from volumes of dual-axis tomography. Nevertheless, as discussed in the
upcoming paragraphs (5.2), the achieved data quality was not comparable to the one
performed by Eltsov and colleagues (compare the contrast and data quality of figure
28 E with figure 6 A in Eltsov et al. [2015]). The inferior data quality was most likely
due to unachieved electron dose applied for electron tomography acquisition, rendering
an optimal signal-to-noise ratio (cotrast) impossible. The long exposure time used, al-
though not achieving the electron dose intended, likely caused image shifts and reduced
resolution. Thus, I recommend using the free software “SerialEM” (Mastronarde [2005])
for upcoming studies, enabling control of the microscope in a way to achieve a high
electron dose. This software was not yet installed on the used FEI F30 microscope when
I recorded dual-axis electron tomography data.
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5.2 Automated and manual segmentation of microtubule filaments
Studies aiming at high resolution of big volumes involve many time-consuming steps:
testing parameters for optimal sample preservation; optimal conditions for image acquis-
ition; and processing data by reconstruction and segmentation of structures of interest.
In particular, this last step, if done manually, constitutes a bottle-neck on a research
project.
To ease the time-consuming manual segmentation step with inherent human subjectivity,
many research groups developed automated approaches for the tracing of filaments. For
instance, automated tracing of a dense actin network within cryo-electron tomograms of
filopodia of Dictyostelium was successfully achieved (Rigort et al. [2012b]). Weber and
colleagues modified that automated tracing algorithm further to segment microtubules
within plastic embedded C. elegans embryos (Weber et al. [2012]).
I tested the algorithm developed by Weber et al. [2012] for tracing microtubules within
my single-tilt axis electron tomography dataset. The procedure combines automated
template matching with automated tracing. During 3D template matching, the normal-
ized cross-correlation of a template (of a certain geometry resembling that of a MT) with
the tomogram is computed. Second, the centerlines of the identified tubes are traced.
Several parameters need to be specified to achieve optimal segmentation results:
• mask radius and length: The template needs to be specified to describe the hollow
MT tubes best. Weber and colleagues specified the mask radius and length from
test tomograms of C. elegans. The longer the mask length, the more it is robust
to noise. This comes at the prize of reducing the sensitivity to curved structures
and MT ends. I used values for radius and length of the template that were
recommended by Weber et al. [2012], see also figure 29 A.
• Min seed correlation Cmin and Min continuation quality Smin: The template matching
step assigned each voxel with a correlation and orientation value. In a second step,
a line search is iteratively performed. Starting from a seed point with a correlation
value higher than that of Cmin, the algorithm tries to find a centerline representing
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a MT. The line search is stopped when no candidate point within the search cone
of the template scores higher than the threshold determined by Smin. Weber and
colleagues recommended to set these parameters to a value of 0.3 for Cmin, and
0.18 - 0.2 for Smin for single-axis electron tomograms (Weber et al. [2012]).
• Search cone length and angle: The size of the search cone and its opening angle de-
termine which neighboring voxels are tested for being a candidate for the next
point on the MT centerline. The larger the angle, the more curved structures are
identified.
I tested a possible application of the automated tracing algorithm for the segment-
ation of microtubules on single-axis tomography data (figure 29 B - F). For this, I
employed the visualization and data analysis software Amira. A test run on a graphics
card usually lasted between 2-4 hours for a small sub volume of one tomogram. Binning
of the data set, and preprocessing by a noise reduction median filter for enhancement of
contrast was performed in some of the test runs (see figure legend 29). The parameter
space was explored in its tight margins, as suggested by the authors, thus testing differ-
ent values for Smin and the orientation of the search cone (figure 29 C - F). I also tested
a tomogram from Eltsov et al. [2015] (figure 29 B).
The algorithm scored very poorly in identifying microtubules (purple arrow heads, figure
29 B - F) and highly overestimated the number of microtubules, identifying sub cellular
structures obviously not representing microtubules at all. A possible explanation may
come from the differing data quality and characteristics within the tomograms of the fly
embryo and test tomograms of C. elegans. The parameters for automated tracing were
initially specified for tomograms of C. elegans (Weber et al. [2012]). When Weber and
colleagues tested their algorithm on tomograms of Drosophila melanogaster epithelial
wing cells, the algorithm output unsatisfying results due to a high number of false posit-
ives. They claim that membranes present in the fly sample and not in the worm sample
would influence the performance of the algorithm. Weber and colleagues clearly state
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Figure 29: Automated tracing of MTs with the visualization and data analysis soft-
ware Amira.
(A) Structure of the idealized template and its parameters (from Weber et al. [2012]). The
template, imitating the microtubule’s geometry, was cross-correlated with the tomogram.
Identified seed points of the microtubules were further utilized to iteratively perform a line
search, identifying neighboring voxels representing the microtubule. (B) – (F) Five differ-
ent results of automated microtubule tracing of single-tilt axis tomograms, using different
parameter settings (Cmin, Smin, orientation, cone size). White arrowheads indicate micro-
tubules that were faithfully identified, purple ones point out unnoticed microtubules. (B)
Tomogram of a leading edge cell during early zipping, from Eltsov et al. [2015]. The dataset
was preprocessed with binning 1 and a noise-reducing median filter, to preserve edges and
to remove noise. Cmin = 0.3, Smin = 0.19. (C) Tomogram from figure 27 C; the chosen
parameter settings rendered identification of microtubules impossible. Only false-positives
were detected by the algorithm (lilac lines). Binning 3, Cmin = 0.3, Smin = 0.2. (D) – (F)
Automated tracing of a subvolume of the tomogram shown in C using different parameter
settings. (D) Data unbinned, Cmin = 0.3, Smin = 0.18. (E) Same parameters as in D,
orientation was 0.3 instead of 0.2. (F) Unbinned data, noise reduction median filter applied,
Cmin = 0.3, Smin = 0.18. Scale bar depicts 1 µm (B, C), and 250 nm (D – F), respectively.
that the automated tracing was more susceptible to low quality data than the human
eye. Also, the algorithm performed better on dual-axis tomography data (Weber et al.
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[2012]). Exploring the parameter space was far beyond the scope of this work. The
unsatisfying results stopped the further employment of the automated tracing algorithm
for segmentation of MTs within tomograms of the fly.
Thus, although I recorded dual-axis tomograms of the fly embryo meanwhile, we
decided to use the tedious manual segmentation of tomogram data and not to spend
time on the cumbersome adjustment of parameters necessary for optimal performance
of the automated tracing algorithm.
I segmented the dual-axis tomography dataset (quality being shown in figure 28)
manually, using the IMOD software and the 3dmod segmentation toolkit (Kremer et al.
[1996]). It has already proved to be a meaningful tool for segmentation of microtubules
and determination of their end morphologies in fission yeast and fly embryos (Ho¨o¨g et al.
[2007], Eltsov et al. [2015]).
Figure 30 displays such a model segmentation, the used symbols for sub cellular features
are listed in A. The microtubules were manually traced within the tomogram, employing
the modeling technique of open contours placing points along the length of a microtubule
(figure 30 B). Either the zap window displaying a tomogram plane or the slicer window
adjusting the orientation in x, y and / or z were used. This allowed for the following
of a microtubule not running within the plane of the section. Also, prospective adhe-
sion sites within the zonula adherens were segmented (white arrow heads figure 30 C)
(Tepass and Hartenstein [1994]): AJs show a typical spacing of adjacent membranes of
approximately 30 nm and electron-densities between the interacting membranes, most
likely representing adhesion molecules.
Sequence 30 D shows the sequential addition of manually segmented features onto the
tomographic data: cell membranes (i), microtubules (ii, iii), microtubule minus and plus
ends (iv), indeterminable ends (v), and microtubules leaving the section (vi).
Many MTs extended over more than one tomogram (300 nm thickness), as they ran
slightly out of the xy-plane. However, due to shearing and deformation of sections in
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Figure 30: Manual tracing of MTs using the IMOD software.
(A) Overview of symbols representing segmented features. (B) Tomographic slice with
manually traced microtubules (green points). (C) Tomographic slices of junctions (white
arrowheads). Apical junctions with inter membrane electron densities (most likely adhesion
molecules), representing prospective adherens junctions, forming the zonula adherens (Tepass
and Hartenstein [1994]). (D) Sequence of manual segmentation of plasma membrane (i),
microtubules (ii), (iii), microtubule plus and minus ends (iv), microtubules with unclear end
morphology (v), and microtubules leaving the tomogram section (vi). Scale bar depicts 250
nm (B, C).
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sectioning and data acquisition, I could not join microtubules across tomograms. I as-
sessed the end morphology of this subpopulation of microtubules then in an adjacent,
consecutive section. More severe were the rather low contrast and image quality, impair-
ing an identification of a majority of microtubule ends. This complicated a statistical
meaningful analysis and conclusion.
5.3 The microtubule organization, dynamics and anchoring appears
different in the distal part of a leading edge cell during mid zipping
I imaged 9 serial sections in total, covering approximately 3 x 3 µm of the rear part
of a left and a right leading edge cell. Those 18 tomograms were manually segmented,
identifying microtubule organization and end morphologies.
Representative models of the investigated volume of the rear part of a leading edge cell
are displayed in figure 31. They depict the presence of apically bundled microtubules.
The occasional identification of microtubule end morphology revealed both minus and
plus ends next to each other within those bundles, pointing towards an antiparallel ar-
rangement.
Very interestingly, both plus and minus ends were found in a similar number close to
the distal cell cortex, facing the 2nd row epidermal cell. The data quality allowed in
some cases for the assignment of shrinking or growing classes (see also figure 28 E), but
most of the time an unambiguous identification was impossible. However, the minus
ends were clearly distinguishable from plus ends by their capped morpholgy (Ho¨o¨g et al.
[2007]).
A second population of microtubules was especially apparent in figure 28 A and B, run-
ning along the apico-basal cell axis close the the distal cortex.
A quantification, summarizing the findings of those 18 tomograms, is depicted in table 2.
183 microtubule ends within those sections were scrutinized, revealing in total 31 minus
and 21 plus ends in close proximity to the distal cell cortex. More than two thirds of
the end structures could not be determined.
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Figure 31: Several manually segmented models of MT organization, morphology,
and proximity to the cell cortex in the distal part of LE cells.
(A) – (D) Four chosen example models, displaying the bundled, apical organization of
microtubules within the leading edge cells. The bundles are antiparallely organized. A few
microtubules ran perpendicular to those apical bundles along the very rear part of the leading
edge cells, close to the cell cortex (A, B). Both plus (dark blue) and minus ends (light blue)
of microtubules were found close to the cell distal cortex. Most microtubules left the section
(yellow) and a high number of microtubules was not to be categorized faithfully (pink). (E)
– (H) Details of more models, revealing the presence of both plus and minus ends at the
distal cell cortex at roughly equal numbers.
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1
secon minus end plus end indeterminable leaving
2
3
4
5
6
7
8
9
le right
TOTAL
3 0
1 0
6 0
1 6
1 1
0 0
4 1
1 1
1 4
1 1
2 0
1 0
0 2
1 3
1 0
2 0
0 0
3 4
10 2
4 4
5 9
8 5
6 14
8 11
6 9
7 8
5 10
13 8
8 4
11 13
10 13
6 14
6 14
13 10
12 5
18 15
31 21 131 193
Table 2: Listing the occurrence of a certain microtubule end structure in the invest-
igated volume of the distal, rear part of a LE cell.
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6 Discussion: Microtubule Organization and Morphology
during Zipping
6.1 Electron tomography for the structural analysis of microtubule
organization and dynamics during mid zipping
Electron tomography has proved a powerful tool to elucidate the MT organization and
dynamics at great resolution (Ho¨o¨g et al. [2007], Eltsov et al. [2015]). Insights into the
ultrastructure reveal details that cannot be visualized with light microscopic resolution,
that assist in forming our understanding of biological processes at the sub cellular, mo-
lecular level.
In this part of the thesis, I employed electron tomography to study microtubules in LE
cells during mid zipping. The acquisition of dual-axis electron tomograms revealed more
ultrastructural details as single-axis electron tomography (see figures 27 and 28). As ex-
pected, the reduced missing wedge (Mastronarde [1997]) resulted in improved assessment
of sub cellular details, such as the microtubule end morphology (28 E). Nevertheless, up-
coming tomogram acquisitions should be performed under more optimal conditions. By
using SerialEM for controlling the electron microscope, the electron dose and thus the
achieved signal-to-noise ratio can be far enhanced. This would augment identification of
plus and minus end MT structures and further categorization into growing or shrinking
microtubules. Within this study, only one third of the microtubule end structures were
assessed (table 2).
In this work, I tested an automated segmentation algorithm to assist in the segment-
ation of MTs (Weber et al. [2012]). I did not explore the parameter space to its full
extent. Those automated algorithms are a robust and helpful method when optim-
ized to a specific dataset. The adjustment of the parameters might prove difficult and
time-consuming, though. For my dataset of single-axis electron tomography data, the
algorithm performed unsatisfactorily (figure 29 C - F). Hardly any microtubules were
identified correctly, whereas numerous false-positive microtubules were segmented by
the algorithm. The same insufficient result was recapitulated for the dataset by Eltsov
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et al. [2015], that comprised excellent ultrastructural preservation (figure 29 B). This
was a strong indication that a major effort was needed to implement the automated
segmentation algorithm to assist in segmenting MTs in my dataset. Therefore, I chose
to perform the segmentation manually instead (figure 30). The general application and
success of automated tracing algorithms, including template matching or pixel and ob-
ject classification approaches, has been shown in numerous publications (Rigort et al.
[2012c], Kreshuk et al. [2011], Maco et al. [2014], Kreshuk et al. [2014]). As is discussed
in greater detail in section 4.1, automated segmentation algorithms are key to tackle
the new arising bottle-neck in ultrastructural analysis of large volumes of interest, such
as structural analysis and inferred functional understanding of the fly brain (Takemura
et al. [2013]).
6.2 Both plus and minus ended MTs are present at the distal apical
cortex of mid zipping LE cells
Microtubules exhibit various functions; e.g. the transport of cargo, directing growth
and migration, and constituting the mitotic and meiotic spindle. The asymmetric mi-
crotubule network within the fertilized Drosophila egg serves as tracks for the biased
transport of oskar mRNA to the posterior pole of the cell by kinesin motor proteins
(Zimyanin et al. [2008]). Microtubules are fundamental in axonal growth cones for the
exploration of the environment for guidance cues. Most importantly, the kinetochore mi-
crotubules ensure the correct segregation of chromosomes during mitosis. Microtubules
have been also implied to act during zipping. Drug-injections affecting MT stability, as
well as depletion of MTs by a severing protein, resulted in zipping defects (Jankovics and
Brunner [2006], Adamczyk [2016]). Large-volume electron tomography data revealed the
presence of more shrinking than growing MTs in the vicinity of adhesion structures in
the proximal part of mid zipping LE cells (Eltsov et al. [2015]). The special spatial
organization and dynamics of microtubules was reminiscent of spindle positioning in
C. elegans (Nguyen-Ngoc et al. [2007]) and human cells (Kotak et al. [2012], Yi et al.
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[2013]). The mitotic spindle is positioned by dynein-microtubule interactions. Dynein
is anchored via a ternary complex to the cell cortex (Kotak et al. [2012]) and captures
incoming plus-end microtubules. By the dynein minus-end directed motor activity and
initiation of depolymerization of MTs, a pulling force is generated. Eltsov and colleagues
speculated on dynein functioning during zipping to pull the opposing epithelial sheets
together (Eltsov et al. [2015]). They proposed that the force produced by dynein could
not solely be used to move sub cellular components, but also to shape cells and tissues
during morphogenesis. In vitro studies estimated the pulling force generation capacity
of dynein to several pN (Laan et al. [2012]). Having indications for the contributors to
the zipping force, another question remained. It concerns possible force transmission
mechanisms from the front, proximal part of a LE cell to the back, distal part of a LE
cell. How can a force applied in the front result in the overall forward-movement of the
whole LE cell and the whole epidermal tissue?
Here, I documented the microtubule organization, polarity and end morphology in the
distal part of a leading edge cell (figure 32 III). In contrast to the proximal part of the
leading edge cell (figure 32 I), where more plus end microtubules undergoing depolymer-
ization are present (Eltsov et al. [2015]), I found both plus and minus ends to a similar
extent in the distal part (table 2). I identified two populations of microtubules: ap-
ical bundles of antiparallel microtubules (in agreement with light microscopy data from
Jankovics and Brunner [2006]) and several microtubules running along the apico-basal
(epithelial polarity) axis (figure 31).
The close proximity of depolymerizing microtubules to the proximal cortex led to the
hypothesis of a dynein anchor generating a zipping force (Eltsov et al. [2015]). Based
on my tomogram data of the distal part of the leading edge cell, I could not recognize
the same organization. As both plus and minus end microtubules were apically present,
dynein might not anchor MTs at the distal cortex, or alternatively might only anchor a
subset, the plus ended ones.
Before dorsal closure progression, MTs transiently reorganize from the characteristic
epithelial apico-basal distribution to a proximo-distal one at the apical side of epithelial
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Figure 32: Schematic representation of the microtubule organization within leading
edge cells during mid-zipping.
The study by Eltsov and colleagues (Eltsov et al. [2015]) proposed a force-generating
mechanism by shrinking microtubules anchored (via dynein?) to the cell cortex, the zipping
force (I). It remained unclear, how a zipping force at the front of opposing leading edge cells
is transmitted throughout the cell, resulting in net forward movement (II). Investigation of
the distal part of a leading edge cell revealed apical antiparallel microtubule bundles as seen
in I, but observed an equal amount of both plus and minus ends close to the cell cortex (III).
This suggests a different mechanism of anchoring of microtubules to the cortex compared to
I. The force transmission mechanism remains uncertain.
cells (Jankovics and Brunner [2006]). Within my tomographic dataset of the distal part
of LE cells, I identified a second subset of MTs that ran along the apico-basal axis close
to the distal lateral cortex. Those MTs might represent a remnant. They might fulfill
alternative functions than force generation, such as cargo transport or mechanical sta-
bilization of the cell.
6.3 Towards a zipping force generation and transmission model
The low number of scrutinized microtubules and identified microtubule ends impaired
the drawing of conclusions on a possible mechanism for force transmission. Since several
mechanisms are conceivable, a more thorough analysis of more cells during zipping is
highly recommendable.
The association of MTs to the cortex would be a plausible mechanism for force transmis-
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sion throughout the cell. A pulling force that is applied in the front could be transmitted
through the MT bundles to the distal part of the cell. The attachment of MTs to the
distal cell cortex could in theory promote the forward movement of the distal cell cortex
and thus the whole cell. LE cells are connected via AJs to their neighboring cells. The
forward movement of one cell might influence and promote the forward movement of
the neighbors in a collective manner. So far, electron tomography data on the central
apical part of LE cells is missing due to the small field of view during image acquisition.
Studying the cellular region within that black box (figure 32) might give further indic-
ations for a force transmission mechanism. The microtubules might be anchored to the
apical cortex throughout the cell to assist in the forward pulling of the distal part.
Alternatively or in parallel to anchoring of MTs for force transmission, MT sliding might
be important. Microtubule motors can cross-link and slide antiparallel MTs in respect to
each other (Sharp et al. [2000], Tanenbaum et al. [2013], Bachmann and Straube [2015]).
It is conceivable that those motors would be regulated in a way to shift the antiparallel
microtubules such, that an overall shrinkage of the bundle occurred.
In principle, another zipping force generation mechanism is conceivable. Cytoplasmic
pulling on MTs by dynein. Contrary to the first discussed mechanism, dynein would
not be tethered to the membrane. Dynein exerts force on membranous organelles by
moving them along microtubule tracks. This viscous drag would also generate an op-
posing force towards the plus end of a MT (reviewed in McNally [2013]). In the zipping
system, this might produce additional forces contributing to the forward movement of
the LE cell to seal the dorsal gap. Kimura and colleagues described cytoplasmic pulling
during pronuclear centration in C. elegans prior to the first mitotic division (Kimura
and Kimura [2011]). They claim that both cortical and cytoplasmic pulling of dynein
would contribute equally to centrosome positioning. This observation emphasizes the
force generation capacity of cytoplasmic dynein pulling.
In order to further revisit the MT organization and dynamics throughout a whole mid
zipping LE cell, more electron tomography data is needed. Additionally, it might be
interesting to address further questions, such as how a force produced in the proximal
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part of a LE cell exerts a contrary force on the cell cortex and how it is balanced. Or,
how does substrate adhesion of a LE cell to underlying extracellular-matrix influence
this process?
Super-resolution microscopy and bleaching experiments probing for the dynamics of MTs
might also prove vital for the study of the force generation and transmission process.
Light microscopic methods lack the superior ultrastructural resolution electron tomo-
graphy can provide. Nevertheless, light microscopy facilitates live imaging of a high
number of samples, adding key understanding to the biological process.
6.4 Concluding Remarks
Further studies should not only focus on the microtubules, but also on the suggested
other contributor to force generation - dynein. A lab colleague, Magdalene Adamczyk,
studied the importance of dynein during zipping. By specifically inhibiting dynein with
drug-injections of ciliobrevinD, she observed a zipping arrest or delay (Adamczyk [2016]).
Genetic depletion of dynein to study its function during zipping proved problematic as
dynein is maternally distributed. The maternally deposited dynein mRNA and protein
could rescue possible effects caused by dynein depletion (Adamczyk [2016]). Only later
during development, mutant larva died. Therefore, Magdalene Adamczyk generated
transgenic flies where dynein can be knocked-down acutely using the deGradFP-system
(Caussinus et al. [2013], Adamczyk [2016]). The study of these transgenic flies will give
meaningful insight into the role of dynein during force generation. If those mutants show
a phenotype during zipping, the detailed analysis of MT organization might give further
insight into the force generation and transmission mechanism. Further questions to
address in dynein mutants are, whether MTs display an altered organization or whether
they would still be present in close proximity to the cortex and adhesion structures? Are
there still more depolymerizing MTs in the proximal part of LE cells? And how are MTs
organized in the distal part of LE cells?
Answers to these questions will assist in establishing the action of microtubules and
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possibly dynein in the process of force generation during zipping. Although dorsal closure
and forces contributing to dorsal closure have been studied for a few decades, new
studies and technologies will give further insight into the complex cell biological processes
underlying this fusion event.
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7 Results: Establishing Sample Preparation for Cryo-ET
of Fly Embryos
The superiority of cryogenic structural analysis is introduced in section (1.7.3). Pre-
serving the sample in a frozen, hydrated environment and in a near-native state, opens a
window for studying macromolecular assemblies and the reconstruction of three-dimensional
ultrastructures, down to the nano-scale conformation of proteins.
Naturally, the sample preparation differs for the structural analysis of purified proteins
and the analysis of more complex, multicellular organisms. Thin structures as the men-
tioned purified protein complexes or also cells grown on EM grids can readily be vitrified
by plunge-freezing. Flat regions at the periphery of attached cells where the thickness
does not exceed 1000 nm are amenable to imaging with the electron beam without
more ado (Lucˇicˇ et al. [2013]; Mader et al. [2010]). Within multicellular organisms the
side of interest is often covered by other cellular layers and hidden. These organisms
exceed the maximum thickness for imaging with electrons by far, impeding structural
studies of complex organisms. Thus, analysis of specific sites within the organism need
an extra level of sample preparation. The bulk specimen is vitrified by means of high-
pressure freezing. Further, thinning methods were developed, allowing for the generation
of samples being amenable to EM analysis (Lucˇicˇ et al. [2013]; Mader et al. [2010]).
In this part of the thesis, I summarize my attempts to establish methods for the gener-
ation of thin specimens of the Drosophila melanogaster embryo for cryo-electron tomo-
graphic analysis. I present the application of cryo-electron tomography to re-vitrified
frozen sections of fly embryos. Further, I describe the steps developed toward the applic-
ation of cryo-focused-ion beam milling as an alternative thinning method. I discuss why
this method requires further development for the application in fly embryos, whereas it
has proved to work in C. elegans.
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7.1 Cryo-ET of re-vitrified frozen sections as a tool for better struc-
tural understanding of morphogenetic processes in Drosophila melano-
gaster
Cryo-electron microscopy of vitrified sections (CEMOVIS) was reintroduced for the
study of macromolecular assemblies of various tissues (Hsieh et al. [2002], Al-Amoudi
et al. [2004]). The whole work procedure is performed at cryogenic temperates, starting
with cryo fixation via high-pressure freezing and finishing with cryo electron microscopy.
The sectioning remains a skillful, demanding process, nevertheless the thin sections give
great structural insight. The cryosections suffer from several artifacts, though: The
cause of knife marks, chatter, crevasses, compression, and breaks are described by Al-
Amoudi et al. [2005], and Bouchet-Marquis and Hoenger [2011]. They further discuss
how to alleviate such artifacts, mainly by using very thin sections of 50 nm and a rather
fast sectioning speed.
Since those sections represent only a small volume due to their thinness, another ap-
proach was established: that of cryo-electron tomography of vitrified frozen sections
(cryo-ET of VFSs, Sabanay et al. [1991]). The method is based on the procedure de-
veloped by Tokuyasu (Tokuyasu [1973]), involving the chemical fixation of a tissue,
sucrose infiltration, freezing, ultrasectioning, rehydration, revitrification of sections and
cryo-electron microscopy. Bokstad and colleagues applied the cryo-ET of re-VFSs ap-
proach to the study of adhesion structures within gizzard smooth muscles and mouse
epithelia (Bokstad et al. [2012]). They found less sectioning artifacts within their cryo
sections of 300 – 400 nm thickness. This most likely was accounted for by the rehydra-
tion of the sections. Further, they claimed that chemical fixation and sucrose infiltration
protected ultrastructure optimally. Since the sections were rehydrated at room temper-
ature, one could include the addition of fiducial gold markers, enabling the tomogram
reconstruction of a rather thick volume of up to 400 nm. Addition of fiducials at cryo-
genic temperatures was described a few years ago (Gruska et al. [2008] and modified
by Harapin et al. [2015]), abrogating the limit on investigated thickness for CEMOVIS-
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Figure 33: Cryo-electron tomography of re-vitrified frozen sections of Drosophila
melanogaster embryos.
(A) Schematic overview of the attachment of a chemically fixed, devitellinized embryo
(embedded in low-melting agarose) with sucrose onto a cryopin. The assembly was quickly
frozen at –120 ◦C in a cryochamber. (B) – (E) Re-vitrified sections from fly embryos
analyzed by cryo-ET at –17 µm defocus. (B) Tomographic slices of 4 nm thickness showing
features of the cytoplasm (R for ribosomes) and the plasma membrane (PM). Scale bar
depicts 100 nm. (C) Tomographic slices, 4 nm thickness, through a reconstructed volume
of cytoplasm featuring microtubules (MT) and Golgi (G). Scale bar depicts 200 nm. (D) A
lower magnification cryo-EM image of a hydrated section, 300 nm in thickness, showing a
typical region used for data acquisition. Scale bar depicts 1 µm. (E) Successive tomographic
slices (4 nm in thickness) of the boxed region shown in D, of a reconstructed volume revealing
the nucleus (N), the inner and outer nuclear membrane (iNM, oNM), nuclear pore complexes
(NPC), and mitochondria (M). Scale bar depicts 200 nm.
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sections above 100 nm without loss of high-resolution information.
I applied cryo-ET of re-VFSs to study the fly embryo. Perturbing the ultrastructure
less by circumventing detrimental steps such as heavy metal staining and dehydration
most likely will yield in a better representation of the ultrastructure. This comes at a
price, namely the reduced contrast and the limited field of view. Also, serial sectioning
is most often unsuccessful.
The results are presented in figure 33. Panel A illustrates the embedding of the de-
chorionated, chemically fixed, devitellinized embryo into a block of low-melting agarose.
By orienting that block and glueing it with sucrose onto a cryopin, the collection of
cross-sections was enabled. The quality of sample preservation and the identification of
sub cellular features such as membranes, microtubules, and nuclear pore complexes are
depicted in panels C – E. Although the sections suffer from artifacts such as breaks and
folds, the method is applicable to the study of the ultrastructure of the fly embryo.
Another drawback of the cryo-ET of re-VFSs approach is the challenge to identify a
specific site of interest within the embryo. The intention in the beginning of this project
was to study the cytoskeleton at the zipping site. The demanding sectioning process,
the cumbersome section handling, the impossibility of serial section collection and the
very complicated finding of the region of interest rendered this impossible, though.
We intended to circumvent the mentioned problems by applying another promising
method that was being established in the lab - namely the application of cryo-focussed
ion beam milling as an alternative thinning method prior to cryo-electron tomography.
7.2 Establishing cryo-focused ion beam milling as a sample preparation
tool for cryo-ET
Cryo-FIB/SEM was already employed for the structural analysis of bacteria, and euka-
ryotic cells (Marko et al. [2007], Rigort et al. [2010], Rigort et al. [2012a], Wang et al.
[2012]). A novel version was further developed in the Medalia lab for the study of C.
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elegans embryos and adult worms. Thus, the focused-ion beam approach is no longer
limited to the ablation of biological material within single cell organisms, but is applic-
able to multicellular organisms (Harapin et al. [2015]).
By sublimating biological material with a focused Gallium-ion beam, one prepares a thin
specimen, a so called lamella, usable for the acquisition of cryo-electron tomograms.
This alternative thinning approach is performed under constant cryogenic conditions,
thus avoiding detrimental sample preparation steps such as chemical fixation, dehydra-
tion and heavy metal staining. One “opens a window” into the interior of a cell, thus
the study of macromolecular structures and even supramolecular assemblies in situ be-
comes possible, retaining the cellular context. Further, the cryo-FIB approach allows to
circumvent artifacts associated with cryo-ultramicrotomy, mainly compression (Marko
et al. [2007], Harapin et al. [2015]).
Several milestones were accomplished by Harapin and colleagues: 2-Methylpentane was
introduced as freezing media. Being liquid at –150 ◦C, it enabled retrieval of the vitrified
sample after high-pressure freezing without physically disturbing it. 2-Methylpentane
was further completely sublimed at –150 ◦C under high vacuum conditions, making each
part of the sample accessible for cryo-thinning. Also, an adjusted, custom-built cryo-
holder was built, enabling the accessibility of the sample all over the grid, the milling
of the sample in plane with the focused-ion beam, and the transfer of the grid into a
standard holder for cryo-ET. Further, they developed a procedure to apply fiducial gold
markers under cryogenic conditions onto the lamella, prior to cryo-ET. Thus, the re-
construction of the nuclear lamina in adult worms within rather thick lamellae became
available (Harapin et al. [2015]).
We intended to use this method, employing a dual beam of cryo-FIB milling and addi-
tional supervision and targeting of the process via scanning electron microscopy, for the
study of dorsal closure in fly embryos (35 A).
The established conditions for cryo fixation of the fly embryos is depicted in fig-
ure 34 B. Several different “glues” for the attachment of embryos to the EM grid were
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Figure 34: Establishing high-pressure freezing of Drosophila melanogaster embryos
prior to cryo-FIB/SEM milling procedures.
(A) Several different “glues” were tested to attach the fly embryos to an EM-grid. (B)
Schematic of the high-pressure freezing setup: Attached embryos on an EM-grid were trans-
ferred into the well of a 150 µm deep aluminium-platelet carrier and covered with 2-methyl-
pentane. The flat side of a B-type aluminium carrier closed the assembly. (C) SEM overview
image. 2-methylpentane was successfully sublimated at -150 ◦C under vacuum conditions
prior to cryo-FIB/SEM processing. Only poly-L-lysine resulted in satisfying attachment of
chorionated embryos, without obscuring biology. Scale bar depicts 100 µm. (D) FIB side
view. Silicone-grease (scale bar depicts 100 µm) and (E) BSA masked the embryos (SEM
overview image, scale bar 200 µm); determination of the area for milling was rendered im-
possible.
tested, as listed in panel A and described in 2.5. Neither the lectins from Bandeiraea or
Canavalia, nor alteration of the vitelline membrane with permeabilization solvents, with
a heptane-glue mix, with drying of the embryos, nor glueing with a paste of suspended
yeast cells accomplished permanent attachment of the embryos onto the EM-grid. Only
poly-L-lysine, 20 % BSA or impregnation with silicone grease attached the embryos
permanently, withstanding disassembly of the sandwich after high-pressure freezing and
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Figure 35: Fabrication of a 200 – 300 nm thick lamellae using cryo-focussed ion
beam milling as a thinning method prior to cryo-electron tomography.
(A) The cryo-holder inside the cryo-FIB/SEM machine. Galium-ions from the FIB-column
ablate biological material, imaging is performed using the SEM or the FIB column. (B) SEM
overview image of the processed sample grid clamped into the cryo-holder and three attached
embryos (white arrows). (C) FIB side view of an intact, chorionated fly embryo. The arrows
point out the imprint of the hexagonal follicle cells, produced during oogenesis. (D) FIB side
view of the embryo in A after several rounds of coarse milling with high currents, creating
a lamella of several micrometer thickness (orange double arrow, < 10 µm thickness) and a
flat slope on the body of the embryo (white double arrow). Thus, later tilting of the sample
with the cryostage during high-tilt projection acquisition was enabled without blocking of
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the electron beam. (E), (F) FIB side views of the lamella after multiple additional rounds
of fine milling at lower currents, creating a 3 µm thick lamella. (G) FIB side view of further
thinning of the lamella down to 200 – 500 nm by very low currents to avoid heat damage.
The white arrowheads show a 200 nm thin lamella. (H) SEM top view of the lamella (orange
double arrow) and the created slope (white double arrow) after milling. The dimensions of
the lamella are 200 nm thickness , 20 µm width and 80 µm length. A grid hole (red arrow)
was evident underneath the lamella, allowing in principle for cryo-ET of a huge area of
interest. Scale bar depicts 300 µm (B), 20 µm (C, D, E, H), 10 µm (F), and 2 µm (G),
respectively.
transfer from liquid nitrogen to several machines and finally to the cryo-electron micro-
scope (see 2.5). As presented in panel 34 C and 35 B, the embryos were not obscured
by the poly-L-lysine after sublimation of the freezing media 2-methylpentane, whereas
both silicone grease (figure 34 D) and BSA (34 E) masked the vitrified embryos com-
pletely. Unfortunately, poly-L-lysine only facilitated attachment of embryos still having
a chorion. Thus, we had to resign from the idea of creating lamella of embryos under-
going dorsal closure, since without the removal of the chorion the area of interest was
not to be located with SEM (figure 35 C). Nevertheless, possible structural insights into
other developmental processes within the fly, i.e. a putative diffusion barrier between
peripheral nuclei within the fly syncytium (Frescas et al. [2006], Mavrakis et al. [2009]),
gave motivation to continue.
Several lamellae were produced via cryo-focused ion beam milling, the process being
shown for two representative lamellas in figures 35 and 36. Within successive rounds
of material ablation, I removed material below and above the region of interest. First,
high milling currents of 16 nA were applied, coarsely ablating material down to a <
10 µm thick lamella (figure 35 D). To avoid biological material from the unmilled part
of the fly embryo to come into the electron beam during high-tilt image acquisition, a
slope was generated. Several rounds of coarse milling removed material adjacent to the
lamella (figure 35 D, white double arrow). Since rough milling of the lamella introduced
a substantial amount of heat to the sample, the lamella was further thinned with a 240
pA probe yielding a 3 µm lamella (figure 35 E, F). Finally, fine milling with a 50 pA
probe reduced the lamella thickness to approximately 200 – 300 nm (figure 35 G).
Reducing the sample thickness to a few hundreds of nanometer was rapidly performed
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within C. elegans embryos but lasted already 30 hours in adult worms (Harapin et al.
[2015]). The fly embryo simply possesses larger dimensions compared to the worm, with
a diameter being three times that of the adult worm. Thus, cryo-milling took routinely
3 – 4 days, with ablation time windows of 0.5 – 3 hours, producing a lamella of ˜300 nm
x 20 µm x 80 µm. Running the cryo-FIB for this long was only accomplished by using
a self-refillable dewar, customized by Andres Kaech from the Centre of Microscopy and
Image Analysis (ZMB) from the University of Zurich.
Several attempts of creating a thin lamella via FIB-ablation and subsequent cryo-ET
were undertaken. The created lamellae appeared thin enough after fibbing by scanning
electron microscopy assessment (figures 35 G and 36 E). The embryo and the generated
lamella were successfully transferred into the cryo-electron microscope, as both were still
recognizable (data not shown). Nevertheless, it was not possible to record tomograms
or 2D electron micrographs of the lamella. One possible explanation was the presence
of a gridbar right underneath the lamella, blocking the electron beam. Therefore, the
grid bar underneath one generated lamella was removed in successive rounds of coarse
milling within 6 hours (figure 36 B, C). Although the lamella appeared thin enough for
electron tomography and although the electron beam should not have been obscured, a
tomogram of the lamella could not be recorded (figure 36 F). Most likely, the very long
milling procedures over several days, and / or the transfer of the grid caused severe ice
contamination and stability problems. The lamella represents a very thin structure that
was surrounded mainly by vacuum, but was not directly cooled by attachment to the
metal grid or bulk biological structures such that a heat / cold transfer would regulate
the temperature optimally.
12 lamellae within 12 independent samples were generated in total. Unfortunately, none
gave any structural insight.
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Figure 36: Clearing of the area underneath the milled lamella to facilitate optimal
cryo-electron tomography.
(A) FIB side view of an embryo after several rounds of coarse milling with high currents,
creating a thick lamella (orange arrow). The red arrow indicates ice, debris and the gridbar
underneath the lamella. (B), (C) FIB side views of the successive removal of the grid bar
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(red box, arrow). (D) SEM overview of the processed embryo (white arrow) and in the inset
display of lamella (orange) and created slope (white). (E) After generating a slope on the
body of the embryo, the lamella (orange double arrow, FIB side view) was further thinned
with lower currents to a thickness of 200 – 500 nm. (F) Grid Atlas, overview image of the
sample grid with the processed embryo (white double arrow) recorded with the TITAN Krios.
The red arrow labels the removed grid bar. Scale bar depicts 20 µm (A, B, C), 200 µm (D)
and 2 µm (E), respectively.
135
8 Discussion: Establishing Sample Preparation for Cryo-ET of Fly Embryos
8 Discussion: Establishing Sample Preparation for Cryo-
ET of Fly Embryos
8.1 The challenges of Cryo-microscopy
In this part of the thesis, I described the attempts to establish sample preparation
for structural analysis of fly embryogenesis by cryo-electron tomography. Therefore, I
tested two thinning methods in order to achieve a sample competent for cryo-microscopy.
I successfully established cryo-ET of re-vitrified frozen sections by adapting an existing
protocol for chicken smooth muscle (Bokstad et al. [2012], see section 7.1). Thereby, I
employed cryo-sectioning to obtain thin sections. Alternatively, I tried to establish cryo-
focused ion beam milling for ablation of biological material to obtain a thin, section-like
structure that is called a lamella (see section 7.2).
I encountered drawbacks and technical problems for both sample preparation methods.
Cryo-ET of re-vitrified frozen sections involved chemical fixation of fly embryos. Al-
though the structural preservation appeared sufficient (figure 33 B - E), vitrification of
biological samples was proved to be superior in terms of ultrastructural preservation
(Vanhecke et al. [2011]). The ultrastructural integrity was further compromised by the
cryo-sectioning process with inherent mechanical perturbations, such as compression,
knife marks, and crevasses (Al-Amoudi et al. [2005], and Bouchet-Marquis and Hoenger
[2011]). The mentioned drawbacks were the motivation to test the utilization of cryo-
FIB/SEM milling for the generation of thin samples. I established the cryo-fixation of
Drosophila embryos by high-pressure freezing (figure 34). Embryos with chorion were at-
tached to EM-grids via poly-L-lysine interaction (figure 34 B, C). I was not successful in
attaching embryos without a chorion permanently to the grid. Therefore, ultrastructural
analysis of embryos during dorsal closure could not be addressed. Staging of embryos
based on developmental time can be imprecise and blind generation of the lamella would
be too inefficient. In total, 12 lamella of syncytial embryos were generated (figure 35).
Despite several attempts, no lamella could be imaged with cryo-EM. The most likely
explanation is accumulated ice contamination that obscured biological features. The fly
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embryo represents a large structure for FIB-ablation. Usually, creation of one lamella
took three to four days. Although the sample was continuously cooled to -156 ◦C, the
long preparation time and the transfer of the lamella to the microscope might have
caused the contamination and stability problems. The lamella represents a very thin
structure of a few hundred nanometer that is only attached at one side to the bulk spe-
cimen (figure 36 E). The majority of the lamella is not directly cooled but surrounded
by vacuum. Therefore, the heat / cold transfer might not optimally regulate the tem-
perature and cause ice contamination. The longer the milling takes, the more ice could
accumulate.
I recommend to pursue cryo-ET of fly embryos by performing the first established
method, that of cryo-ET of re-vitrified frozen sections. Additional work might focus
on the employment of high-pressure freezing instead of chemical fixation for augmen-
ted preservation (Ripper et al. [2008]). Cryo-FIB/SEM proved a very time-demanding,
cost-intensive sample preparation for fly embryos. To overcome these technical problems
would require a major effort that would have gone beyond the scope of my Ph.D. Never-
theless, cryo-FIB/SEM proved to be a very powerful, valid tool for sample preparation,
creating a window into smaller model organisms, such as bacteria and C. elegans (Marko
et al. [2007], Harapin et al. [2015]). By circumventing mechanical perturbations of the
sample, an improved structural insight is gained.
Cryo-electron microscopy will prove an important tool to elucidate very specific ques-
tions during Drosophila embryogenesis. Given the small field of view that can be imaged,
and the rather complicated location of the region of interest and the preparation of thin
sections, the study of dorsal closure will prove challenging. The challenge is to locate
the region of interest, for instance zipping, and collect sections. The benefit will be
tremendous, as the cryo-approach preserves ultrastructure best. For instance, organ-
ization of cytoskeletal elements as the actin cable and motor proteins in leading edge
cells during zipping are difficult to preserve with conventional sample preparation for
room-temperature microscopy. Therefore, cryo-EM promises unprecedented details of
cellular ultrastructure at physiological conditions.
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8.2 Concluding Remarks
Structural analysis by cryo-electron tomography provides the highest resolution detail of
cellular ultrastructure. New technical developments in the field have further increased
resolution and improved molecular identification and will continue to do so (Villa et al.
[2013]). Those are low-dose image recording, automatic image recording and processing,
processing with larger computational power, direct electron detection devices, energy-
filtering, and phase plates (reviewed in Villa et al. [2013], Schro¨der [2015]). The new gen-
eration of digital cameras detects electrons directly. Thereby, the correction of electron-
beam induced sample motion becomes feasible and leads to increased resolution of 3 A˚
(Schro¨der [2015]). The low detector quantum efficiency of CCD detectors is overcome,
yielding in a higher contrast. Also very exciting is the introduction of phase plates. So
far, contrast was enhanced by recording images in defocus. Now, phase plates promise
high-contrast imaging close to the focus, resulting in increased resolution (Danev and
Baumeister [2016]).
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Table 3: Summarizing table on cell-cell interactions
Sample refers to the analyzed zipping site. Cell number indicates the position of the cell
within the zipping site, where cell 1 is closest to the dorsal opening. Left side indicated
by l, right one by r. Anterior compartmental identity encoded with a, posterior one with
p. Number of interactions specifies the number of interactions with opposing LE cells. AJs
specifies the percentage of inspected sections with AJs, where the cell of interest contributed
to the simplified interaction surface. The interaction width points out the width (in µm) of
the cell of interest with opposing leading edge cells. It does not necessarily represent the
actual width of the cell. The zipping stage distinguishes the following categories: o for open,
e for early, m for mid, and l for late zipping. Cells were also categorized as intermediate,
i.e. oe represents a cell being both in open and early zipping stage. Segment specifies the
abdominal segment identity. The row on mixer cells informs about the mixer cell identity
with y for yes and n for no. The a-p interaction column informs, whether the investigated
cell formed also mixed interactions with cells of other compartmental identity (y for yes and
n for no).
.
sample cell
num-
ber
left/
right
iden-
tity
a/p
iden-
tity
number
of in-
terac-
tions
Ajs
[%]
interaction
width
[µm]
zipping
stage
seg-
ment
mixer
cell
a-p
inter-
action
alpha 1 l a 1 0 4.5 oe A7 n n
alpha 2 l a 2 0 4.8 e A7 n n
alpha 3 l a 2 62.5 3.6 m A7 n n
alpha 4 l a 2 95 6 m A7 n n
alpha 5 l a 3 80 11.4 m A7 n n
alpha 1 r p 1 0 4.5 oe A6 n n
alpha 2 r a 1 0 2.4 e A7 n n
alpha 3 r a 1 0 2.7 e A7 n n
alpha 4 r a 3 68 6.3 m A7 n n
alpha 5 r a 2 84 7.5 m A7 n n
alpha 6 r a 1 86 2.1 m A7 n n
beta 1 l a 3 27 4.5 em A4 n n
beta 2 l a 2 80 3 m A4 n n
beta 3 l a 2 100 5.7 m A4 n n
beta 4 l a 3 100 9.3 m A4 n n
beta 5 l a 1 100 6 m A4 n n
beta 6 l p 2 86 2.4 m A4 n n
beta 7 l p 2 83 4.2 ml A4 n n
beta 8 l p 1 100 4.5 m A4 y n
beta 9 l p 2 100 4.2 m A4 n n
beta 1 r a 1 0 3 em A4 n n
beta 2 r a 1 37.5 2.4 m A4 n n
beta 3 r a 1 100 2.4 m A4 n n
beta 4 r a 4 100 11.1 m A4 n n
beta 5 r a 2 100 6 m A4 n n
beta 6 r p 1 100 2.1 m A4 n n
beta 7 r p 2 77 4.2 ml A4 n n
beta 8 r p 3 93 5.7 m A4 y n
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sample cell
num-
ber
left/
right
iden-
tity
a/p
iden-
tity
number
of in-
terac-
tions
Ajs
[%]
inter-
action
width
[µm]
zipping
stage
seg-
ment
mixer
cell
a-p
inter-
action
beta 9 r p 2 100 4.2 m A4 n n
gamma 1 l a 2 11 4.8 em A5 n n
gamma 2 l a 2 42 5.4 m A5 n n
gamma 3 l a 1 71 2.4 m A5 n n
gamma 4 l a 3 63 6.9 m A5 n y
gamma 5 l p 2 60 4.5 m A5 n y
gamma 6 l p 2 71 7.2 ml A5 n n
gamma 7 l p 2 93 5.8 l A5 y n
gamma 1 r a 2 0 2.4 e A5 n n
gamma 2 r a 2 46 5.4 m A5 n n
gamma 3 r a 1 71 2.4 m A5 n n
gamma 4 r a 2 85 5.4 m A5 n n
gamma 5 r a 2 44 4.8 m A5 n y
gamma 6 r p 2 50 6.6 m A5 n n
gamma 7 r p 1 77 6.9 ml A5 n n
gamma 8 r p 2 94 6 l A5 y n
delta a 1 l p 1 0 2.7 em A2 n n
delta a 2 l p 1 33 2.1 m A2 n n
delta a 3 l p 1 0 1.5 m A2 n n
delta a 4 l a 2 43 2.4 m A2 n y
delta a 5 l a 2 60 3 m A2 n n
delta a 6 l a 1 62.5 2.7 m A2 n n
delta a 7 l a 2 0 3.9 m A2 n n
delta a 8 l p 1 17 2.4 om A1 n y
delta a 9 l p 1 29 2.1 m A1 n n
delta a 10 l p 2 25 3 m A1 n n
delta a 11 l p 2 27 4.5 m A1 n y
delta a 12 l a 1 25 2.4 ml A1 n n
delta a 1 r p 1 0 2.7 em A2 n n
delta a 2 r p 1 33 2.1 m A2 n n
delta a 3 r p 2 17 2.4 m A2 n y
delta a 4 r a 2 54 3.6 m A2 n n
delta a 5 r a 2 60 3.3 m A2 n n
delta a 6 r a 1 0 3 m A2 n n
delta a 7 r a 2 11 3.3 om A2 n y
delta a 8 r p 1 33 2.1 m A1 n n
delta a 9 r p 2 40 1.5 m A1 n n
delta a 10 r p 1 25 3 m A1 y n
delta a 11 r p 2 27 4.5 m A1 n n
delta a 12 r a 2 25 2.4 ml A1 n y
delta p 1 l a 1 43 2 oe A3 n n
delta p 2 l a 2 11 2.5 em A3 n n
delta p 3 l a 2 62.5 2.25 m A3 n n
delta p 4 l a 2 47 4.25 m A3 n n
delta p 5 l p 2 0 1.75 m A3 n y
delta p 6 l p 1 50 2.5 m A3 n n
delta p 7 l p 1 0 2.25 oem A3 n n
delta p 8 l p 2 12.5 3.25 oe A3 y n
delta p 9 l p 1 0 1.5 e A3 n y
delta p 10 l a 2 33 4.75 ml A4 n n
delta p 1 r a 2 33 2.75 oe A3 n n
delta p 2 r a 1 14 3 em A3 n n
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sample cell
num-
ber
left/
right
iden-
tity
a/p
iden-
tity
number
of in-
terac-
tions
Ajs
[%]
inter-
action
width
[µm]
zipping
stage
seg-
ment
mixer
cell
a-p
inter-
action
delta p 3 r a 1 83 1.75 m A3 n n
delta p 4 r a 2 37.5 2 m A3 n n
delta p 5 r a 2 45.5 3 m A3 n y
delta p 6 r p 2 33 4 m A3 n n
delta p 7 r p 1 0 2.25 oem A3 n n
delta p 8 r p 1 12.5 3 oe A3 y n
delta p 9 r p 0 0 1 o A3 n n
delta p 10 r a 2 11 3.5 e A4 n y
delta p 11 r a 1 50 2.75 ml A4 n n
epsilon 1 l a 1 0 1.8 e A5 n n
epsilon 2 l a 2 0 1.8 em A5 n n
epsilon 3 l a 3 0 1.8 m A5 n y
epsilon 4 l p 2 64 4.5 m A5 n n
epsilon 5 l p 1 82 3.3 m A5 n n
epsilon 6 l p 1 50 4.8 ml A5 n n
epsilon 7 l p 2 69 5.1 m A5 y y
epsilon 8 l a 2 46 3.9 m A6 n n
epsilon 1 r a 1 0 1.8 e A5 n n
epsilon 2 r a 2 0 1.8 em A5 n n
epsilon 3 r a 1 0 1.5 m A5 n n
epsilon 4 r p 2 64 3.6 m A5 n y
epsilon 5 r p 2 73 4.5 m A5 n n
epsilon 6 r p 2 20 3.9 ml A5 n n
epsilon 7 r p 1 100 2.4 m A5 y n
epsilon 8 r a 2 25 2.7 m A6 n y
epsilon 9 r a 2 50 3.9 m A6 n y
zeta 1 l p 1 0 1.2 e A5 n y
zeta 2 l p 1 0 1.5 e A5 y y
zeta 3 l a 1 72 6.6 m A6 n n
zeta 4 l a 2 100 9 m A6 n n
zeta 5 l a 4 91 15 m A6 n n
zeta 6 l a 3 61 11.1 m A6 n y
zeta 7 l p 1 17 6.3 l A6 n n
zeta 8 l p 1 33 3 l A6 n n
zeta 1 r a 3 33 5.2 e A6 n y
zeta 2 r a 2 100 4.8 m A6 n n
zeta 3 r a 2 100 5.1 m A6 n n
zeta 4 r a 3 92 3.6 m A6 n n
zeta 5 r a 2 86 7.2 m A6 n n
zeta 6 r p 3 18 6 l A6 n y
eta 1 l p 1 0 1.8 oe A5 n y
eta 2 l a 2 25 1.2 oe A6 n n
eta 3 l a 2 43 2.1 m A6 n n
eta 4 l a 2 100 2.4 m A6 n n
eta 5 l a 2 100 3.6 m A6 n n
eta 6 l a 2 86 3.3 m A6 n n
eta 7 l a 2 60 1.5 m A6 n n
eta 8 l p 4 50 2.7 m A6 n y
eta 9 l p 2 50 3 m A6 n n
eta 10 l p 2 100 3.9 m A6 y n
eta 11 l p 1 91 3.6 m A6 y n
eta 12 l a 1 40 3 ml A7 n n
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sample cell
num-
ber
left/
right
iden-
tity
a/p
iden-
tity
number
of in-
terac-
tions
Ajs
[%]
inter-
action
width
[µm]
zipping
stage
seg-
ment
mixer
cell
a-p
inter-
action
eta 1 r a 2 14 3.3 oe A6 n y
eta 2 r a 2 30 3 m A6 n n
eta 3 r a 2 100 4.8 m A6 n n
eta 4 r a 3 73 4.5 m A6 n n
eta 5 r a 3 33 3.6 m A6 n y
eta 6 r p 2 50 1.2 m A6 n n
eta 7 r p 2 58 3.9 m A6 n n
eta 8 r p 1 85 4.2 m A6 n n
eta 9 r p 2 94 5.7 m A6 y n
eta 10 r a 1 40 3 ml A7 n n
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Figure 37: Supplementary information embryo alpha. Supplementary information on
the behavior of anterior LE cells at the zipping site of embryo alpha. All panels summarizing
the cellular behavior of a certain sample are constructed in the same way. Therefore, consult
the figure legend of figure 16 for details. The right-side anterior LE cells protrude over the
opposing left ones. Scale bar depicts 25 µm (A).
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Figure 38: Supplementary information embryo gamma. Summary panel on the cellular
behavior of anterior and posterior compartmental cells of embryo gamma. Scale bar depicts
25 µm (A).
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Figure 39: Supplementary information embryo epsilon. Summary panel on the cellular
behavior of anterior and posterior compartmental cells of embryo epsilon. Scale bar depicts
25 µm (A).
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Figure 40: Supplementary information embryo eta. Summary panel on the cellular
behavior of anterior and posterior compartmental cells of embryo eta. Scale bar depicts 25
µm (A).
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Figure 41: The identification of mixer cells within the posterior compartment of
the investigated CLEM samples. Summary panel displaying the occurrence of mixer cells
(absent for embryo alpha). A Legend displaying coding for cell-cell interactions, cell identity,
and the zipping stage. B - H Angle measurements plotted against distance from the opening
of the zipping site for the indicated embryo. Note the occurrence of one mixer cell towards
the posterior of the posterior compartment. XXVII
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minutes at −150 °C and high vacuum, ensuring full exposure 
of the sample during milling (Fig. 1b and Supplementary 
Fig. 1h). This offers a substantial improvement over tradi-
tional cryoprotectants (for example, 1-hexadecene)13, which 
make the sample indistinguishable from these chemicals 
after freezing (Fig. 1a).
In order to facilitate easy control over the milling procedure, 
we modified a Leica prototype cryo-holder such that the EM 
grids are attached at their rims (Supplementary Fig. 1a–c). This 
enabled us to spread samples over the entire surface of the grid 
and orient the grid in-plane with the FIB column, thereby increas-
ing the overall throughput of the technique. Additionally, this 
makes it possible to remove the grid from the cryo-holder, add 
fiducial markers and insert it into any cryo-transmission electron 
microscope (cryo-TEM).
The shape of the milling object used for thinning worms 
and their embryos was a parallelogram (Fig. 1f) that left a 150° 
internal angle between the lamella and the nonmilled material 
(Supplementary Fig. 1j). This prevented the nonmilled 
sides from getting into the path of the beam and occluding the 
imaging area at high tilts during tilt-series acquisition.
Plunge-frozen C. elegans embryos (Fig. 1c) were semifinely 
milled above and below the region of interest with a 240-pA 
probe. This step was followed by a fine-milling step using a 
50-pA probe. This resulted in ~330-nm-thick lamellae that were 
on average very flat and stable for imaging in a cryo-TEM (Fig. 1d 
and Supplementary Fig. 1e,g). Adult worms were rough milled 
with a 4-nA probe until the region of interest was reduced to 
~5-µm-thick lamellae (Supplementary Fig. 1h–j).
High-current milling reduced the overall milling time; however, 
substantial amounts of heat were transferred to the sample. After 
the first round of milling, the quality of the vitrification could 
be assessed by checking for the presence of cracks in the sample 
(Supplementary Fig. 1f). Samples were then semifinely milled with 
a 240-pA probe to remove the heat-afflicted material. The amount 
of heat delivered by this probe was well tolerated by the sample, 
as there were no evident morphological distortions of the lamella 
such as changes in its shape from straight to bent (data not shown). 
The ~2-µm-thick lamellae from adult worms were finely milled 
using a 50-pA probe, and this resulted in ~660-nm-thick lamellae 
(Supplementary Fig. 1i). We thinned both embryos and worms 
to ~30-µm-wide lamellae (Supplementary Fig. 1e,j), covering 
the full diameter of the specimen. It took ~30 h to reduce an adult 
worm to a lamella, compared to the ~3 h it took per embryo. 
In our experience, 30-µm-wide lamellae are mechanically stable 
for further handling and processing.
structural analysis of 
multicellular organisms 
with cryo-electron 
tomography
Jan Harapin1, Mandy Börmel1,2, K Tanuj Sapra1, 
Damian Brunner2, Andres Kaech3 & Ohad Medalia1,4,5
We developed a method for visualizing tissues from 
multicellular organisms using cryo-electron tomography. 
our protocol involves vitrifying samples with high-pressure 
freezing, thinning them with cryo-fib-sem (focused-ion-beam 
scanning electron microscopy) and applying fiducial gold 
markers under cryogenic conditions to the lamellae post-milling. 
We applied this protocol to acquire tomograms of vitrified 
Caenorhabditis elegans embryos and worms, which showed 
the intracellular organization of selected tissues at particular 
developmental stages in otherwise intact specimens.
Cryo-electron tomography (CET) has become the method of choice 
for structural studies of cells, organelles and macromolecular 
complexes1–4. Vitrification is used to instantaneously arrest all 
biological processes in order to preserve samples in a frozen, 
hydrated, near-native state5,6, thereby circumventing the unwanted 
side effects of chemical fixation7. However, CET is limited by 
the thickness of the specimen of interest. Cryo-FIB-SEM is a 
relatively new technique that incorporates sample vitrification and 
is an alternative to conventional sample-thinning methods. This 
technique produces thin lamellae of the regions of interest8–11, 
which can then be imaged by CET. However, these lamellae are 
devoid of surface fiducial markers, which makes tomographic 
imaging and reconstruction challenging because of the inherently 
lower signal-to-noise ratio of images of specimens thicker than 
~300 nm (ref. 12). Here we describe a protocol for high-pressure 
freezing (HPF) and cryo-FIB-SEM milling of multicellular 
specimens, addition of surface fiducial markers under cryogenic 
conditions post-milling and CET imaging (Fig. 1e).
We vitrified adult worms with HPF using 2-methylpentane 
because it is a liquid at −150 °C and can facilitate the disas-
sembly of aluminum carriers without fracturing the specimens 
or dislodging them from the electron microscopy (EM) grids. 
Furthermore, 2-methylpentane could be sublimed within 
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Owing to the nature of the cryo-FIB-SEM milling procedure, 
fiducial gold markers have to be added after milling to ensure 
spatial proximity between the sample and the markers. We syn-
thesized 10-nm gold nanoparticles in 2-methylpentane and 
applied the nanoparticles to the surface of the lamellae (Online 
Methods). The distribution of gold markers along the surface of 
the grids and the lamella was even (Fig. 2a), enabling unhindered 
reconstructions of cellular interiors of both embryos and 
adult worms (Fig. 2b–e and Supplementary Fig. 2c–e, respec-
tively). Furthermore, grids prepared using gold resuspended in 
2-methylpentane were free of toluene and other surface contam-
ination (Supplementary Fig. 2b); the gold particles that were 
resuspended in toluene were covered in ice contamination clusters 
and appeared clumped (Supplementary Fig. 2a).
*
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*
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figure 1 | Overview of the HPF and cryo-FIB-SEM milling procedures.  
(a,b) SEM image of adult worms vitrified by HPF using 1-hexadecene (a)  
and 2-methylpentane (b) as freezing media. The white asterisks  
indicate vitrified worms. (c) SEM image of plunge-frozen C. elegans  
embryos (black arrows) on EM grids. (d) Representative FIB image of  
an ~330-nm-thick cryo-lamella (area between the white arrowheads)  
produced in an embryo from c. (e) Schematic overview of the technical  
procedures for tomographic imaging of milled worms. (f) Drawing of the parallelogram shapes (i.e., milling objects) used for cryo-FIB-SEM thinning of 
embryos and worms above and below the region of interest. Scale bars, 40 µm (a–c) and 2 µm (d).
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figure 2 | CET of vitrified C. elegans embryos. (a) Cryo-TEM image of a 0°-tilt projection showing individual fiducial gold markers (arrowheads) on the 
lamellar surface. (b) 4-nm tomographic slice recorded on an embryo overexpressing the native ce-lamin, at a defocus value of −6 µm. The final resolution 
was determined from the first zero of the contrast transfer function (CTF) and calculated to be 3.4 nm. (c,d) Tomographic slices (4 nm and 3.4 nm, 
respectively) acquired on embryos overexpressing the native ce-lamin (green arrowheads), with a defocus value of −16 µm. The final resolution was 
determined from the first zero of the CTF and calculated to be 5.6 nm for both tomograms. The power spectra for tomograms b–d were generated using 
the 0°-tilt projection images and are shown as insets. N, nucleus; C, cytoplasm; Mt, mitochondrion; asterisks indicate nuclear pore complexes.  
(e) Surface rendered view, generated using Amira 5.4.2, corresponding to the black-framed area in c. Dark blue, plasma membrane; pink, nuclear membrane; 
gold, ribosomes; light blue, nuclear pore complexes; green, filamentous structures adjacent to the inner nuclear membrane. Scale bars, 200 nm.
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We acquired tomograms with a moderate to high defocus (−6 µm 
to −16 µm) and detected structures and macromolecular com-
plexes typically found in a eukaryotic cell, including free and 
membrane-bound cytoplasmic ribosome assemblies, mito-
chondria and vesicles (Fig. 2c–e, Supplementary Fig. 2c–e and 
Supplementary Videos 1 and 2). We were particularly inter-
ested in visualizing the nuclear lamina, a filamentous protein 
layer underlying the nuclear envelope14,15. Purified and ectopi-
cally expressed C. elegans lamins (ce-lamins) had previously 
been visualized by cryo-electron microscopy16,17. However, 
the low resolution limited the structural analysis of the nuclei. 
Therefore, we applied our procedure to wild-type embryos that 
overexpressed GFP-labeled ce-lamin (Supplementary Fig. 3). 
As expected, ~6- to 8-nm-thick filamentous structures were 
detected at the nuclear periphery (Fig. 2c and Supplementary 
Fig. 2c). However, specific labeling approaches will be required 
to unambiguously identify these structures within the crowded 
nuclear environment. The cryo-FIB–milled adult worms 
were imaged on ~660-nm-thick lamellae at −16-µm defocus 
(Supplementary Fig. 2c,e). Despite the low signal-to-noise ratio, 
these data could be aligned using fiducial markers, revealing 
many of the same features as the tomograms acquired on thinner 
embryo lamellae (Fig. 2b–d).
Our method enables the visualization of >200-nm-thick, 
vitrified multicellular specimens by cryo-FIB-SEM milling and 
deposition of fiducial markers onto the sample before CET. We 
were able to align and reconstruct three-dimensional volumes 
of ~660-nm-thick lamellae, which would have been impossible 
without the use of high-contrast fiducials. The cryo-FIB-SEM 
approach has already offered glimpses into the organization 
macromolecular complexes within cells9,11, and together with 
the improvements described here, it opens up the possibility of 
acquiring high-resolution information from the cellular interiors 
of intact tissues. We were able to show the retention of the 
fluorescent signal post-thinning in C. elegans embryos. This will 
eventually enable the identification and localization of proteins 
of interest with high precision and accuracy on the surface of 
the thin cryo-lamellae using various forms of the correlative 
light and electron microscopy approach. Structural approaches 
using three-dimensional imaging techniques have so far not been 
used to study C. elegans in a near-native state in detail despite it 
being a well-established model system18. We also demonstrate 
the possibility of carrying out cryo-FIB-SEM milling on embryos 
of Drosophila melanogaster, another extensively studied model 
organism (Supplementary Fig. 4). Cryo-FIB-SEM in conjunc-
tion with CET and averaging procedures can be used to describe 
the structure of macromolecular complexes in situ and at specific 
stages of development, which will provide more detailed insights 
into the cellular and macromolecular remodeling taking place 
within complex organisms.
methods
Methods and any associated references are available in the online 
version of the paper.
Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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Cryo-holder and shutter design. The prototype cryo-holder 
(Supplementary Fig. 1a) of the VCT100 cryo-transfer system 
(Leica Microsystem) was modified in order to accommodate 
standard EM grids (Quantifoil Micro tools GmbH) at a 30° preset 
angle with respect to the horizontal base line, which translates 
into a 6° angle between the sample and the FIB column in the 
Auriga cross-beam system (Carl Zeiss Microscopy GmbH). The 
attachment slit for EM grids is composed of two aluminum pieces. 
Opening and closing is regulated via a screw located on the top 
part: clockwise rotation to open and counter clockwise to close; 
the base is freely movable (Supplementary Fig. 1b). The shutter 
was redesigned as an aluminum box that completely envelops the 
cryo-holder and facilitates contamination-free specimen transfer 
from liquid nitrogen to high-vacuum conditions and back 
(Supplementary Fig. 1c). The shutter is always attached to the 
tip of the manipulator of the VCT100 cryo-transfer-shuttle (Leica 
Microsystems) via a Teflon ring. This allowed us to rotate the tip 
of VCT100 in order to attach or detach the entire cryo-holder 
from the cryo-stages inside the various devices used throughout 
this procedure (Supplementary Fig. 1d).
Plunge freezing of C. elegans embryos. Mixed populations of 
adult worms were synchronized by bleaching, and embryos were 
isolated on a large scale and collected in 1.5-mL Eppendorf tubes 
in M9 buffer19. Approximately 40 embryos were applied onto 
plasma-cleaned, holey carbon, copper grids (Quantifoil) in a 3-µL 
droplet using siliconized pipette tips and inspected under a 
binocular. Grids were then blotted 3–6 s (Fig. 1c), plunged into 
liquid ethane and stored.
High-pressure freezing (HPF) of adult worms. Adult worms 
were washed off plates with M9 buffer (either at a particular stage 
of development or as a mixed population), and a desired dilution 
was pipetted onto plasma-cleaned C-coated copper grids using 
siliconized pipette tips. An approximately 2-µL droplet of worm 
suspension was applied directly onto the center of the EM grid to 
prevent the worms from spreading toward the edges. Grids were 
then blotted on filter paper to remove the bulk of the liquid and air-
dried briefly (up to max. 5 s). Grids were then quickly transferred 
into the 100-µm-deep cavity of an acetone-cleaned 6-mm alumi-
num carrier (Wohlwend Engineering), which was premoisturized 
with a small droplet of 2-methylpentane (Sigma). After the grid 
stuck to the carrier, the compartment was filled with 2-methyl-
pentane using a Hamilton syringe until the sample was completely 
covered. A flat 6-mm aluminum carrier was quickly placed on top, 
causing the excess solution to drain into the surrounding filter 
paper. The sandwiched assembly was then quickly transferred into 
the middle plate setup at the loading station of the HPM100 high-
pressure freezing machine (Leica Microsystems). Samples were 
frozen without using ethanol as synchronization fluid in order to 
avoid surface contamination. Aluminum carriers were inspected for 
pressure-induced deformation after the freezing process, and bent 
carriers were discarded. Straight carriers were transferred into the 
FC6 cryo-ultramicrotome chamber (Leica Microsystems) at −150 °C, 
causing 2-methylpentane to thaw (melting point is −160 °C), and 
taken apart after ~10 min. Grids were inspected under a binocular, 
and only those containing physically intact worms were retrieved 
with tweezers and stored in grid boxes in liquid nitrogen.
Preparation for cryo-FIB-SEM. Grids containing vitrified worms 
were attached to the slit of the modified cryo-holder at the cryo-
station (Leica Microsystems). They were transferred with the 
VCT100 shuttle to the cryo-stage of the BAF060 freeze-fracturing 
device (Leica Microsystems) cooled to −150 °C. After ~15 min, 
2-methylpentane completely sublimed under high-vacuum 
(approximately 10−7 mbar), leaving the surface of the EM grid 
free of any embedding material and the sample fully exposed. 
We applied a layer of carbon ~20 nm thick to the surface of the 
grids by electron beam evaporation in order to facilitate subse-
quent SEM imaging and cryo-FIB-SEM milling. Grids were then 
transferred with the VCT100 onto the cryo-stage of the Auriga 
cross-beam system, which was actively kept at −156 °C. Grids 
containing vitrified embryos were coated with 10 nm of carbon 
coat and transferred to the Auriga without further processing.
Platinum deposition and correlative light and electron micros-
copy. We deposited platinum ~3 µm thick around the embryos 
from a distance of 3 mm using the built-in gas injection system 
(GIS) of the Auriga cross-beam platform according to a previously 
described protocol for cold deposition20. The GIS temperature 
was set to 25 °C and the deposition time was 4–6 s, resulting 
in platinum thicknesses of 1–3 µm. The deposition process was 
driven by the thermal gradient between the deposition gas and the 
cold specimen surface and no beams are used to assist it.
After milling was completed, the EM grid carrying the vitrified 
embryos was quickly thawed in 4% PFA at room temperature and 
left in the fixative for 10 min. Bright-field and fluorescence images 
were acquired on a Leica fluorescence microscope (DMI 4000B, 
Leica) and overlaid.
Cryo-FIB-SEM milling. The Zeiss Auriga cross-beam system 
used in this study was aligned once per week and remained stable 
throughout the duration of the entire milling procedure. After the 
sample was inserted, the stage was brought to the desired position 
and left to settle for about 15 min, which eliminated drift-related 
imaging issues. Features of interest were from that point onward 
centered using the beam shift dials in between rounds of milling. 
We chose the lamella-type milling approach, which entailed a 
gradual reduction of total sample volume above and below the 
horizontal midplane.
Intact worms are up to 1 mm in length and 60 µm in diameter. 
Rough milling was performed in several rounds, starting with a 
4-nA probe and continuing with a 240-pA probe to reduce the 
thickness around the area of interest in the middle plane of the 
worm. Once the thickness was ~2 µm, fine milling was performed 
at 50 pA, leaving an ~660-nm-thick lamella. In this case the 
milling depth of the Ga+ beam was set to 8 µm owing to the huge 
diameter of the worm, and the whole procedure took ~30 h (mill-
ing was carried out in multiple steps that individually took 1–3 h, 
depending on the beam current strength and milling depth set). 
After milling was completed, the cryo-holder was retrieved from 
the Auriga and the grids were stored in grid boxes.
Embryos of C. elegans are approximately 40 µm × 20 µm in size, 
so rough milling was performed using a 240-pA probe, reducing 
the middle of the sample to a 2-µm thick lamella. Fine milling 
was performed using a 50-pA probe, leaving an ~330-nm-thick 
lamella. The Ga+ beam was set to a milling depth of 3 µm, and 
the whole procedure took ~3 h per embryo.
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The surfaces of the lamellae initially exhibited typical FIB-
related artifacts post-milling. These included curtaining, some 
gallium-ion deposition at the edges of the lamellae and a slight 
increase in thickness of the area on the lamella where the beam 
exits the sample (due to defocusing). We found that curtaining as 
well as big variations in thickness can be circumvented by setting 
the milling depth of the beam to approximately twice what was 
actually needed. The beam penetration depth on the Auriga can 
be calibrated to suit different kinds of materials. We routinely used 
the calibration for silicon as a reference and found the milling 
depth for frozen biological material to be approximately ten times 
less than that needed for silicon (setting the milling depth to 
1 µm resulted in actual milling depth of approximately 10 µm for 
embryos and worms).
Fiducial markers for the cryo-lamellae. We modified a 
toluene-based synthesis of suspensions of colloidal gold particles 
similarly to a previously described procedure21. A solution con-
taining 50 mg of tetrachloroauric acid (Sigma) in 1.0 g (1.2 mL) 
of oleylamine (Acros Organics) and 1.0 mL of toluene was quickly 
injected into a solution containing 1.7 g (2.9 mL) of oleylamine in 
49 mL of toluene at 110 °C. The reaction was carried out for 2 h 
at this temperature, after which the products were precipitated by 
the addition of 100 mL of methanol. Particles ~10 nm in diameter 
were isolated by centrifugation at 500g, methanol was decanted 
and the tubes were left to air-dry in order to evaporate residual 
methanol. Finally, the gold particles were resuspended in 1 mL in 
2-methylpentane. Where needed, the gold particles were further 
diluted to a desired concentration with 2-methylpentane. Gold 
was applied to the lamellae in the cryo-ultramicrotome chamber 
at −150 °C, inside 0.5 mL wells of an aluminum box (produced 
by our in-house workshop) similarly to in a previously described 
procedure22. Grids were briefly immersed in the gold suspension 
(2–3 s), rinsed twice by immersion into liquid ethane in adjacent 
wells, blotted extensively (>20 s) with filter papers until no resid-
ual liquid could be observed on the tweezers or the grids, and 
stored in grid boxes. The quality of the gold-particle synthesis, 
as well as the particle distribution, was assessed on empty plunge-
frozen grids in the cryo-TEM (Supplementary Fig. 2a,b)
Cryo-electron tomography (CET) and annotations. Specimens 
were analyzed in a 300-kV FEG FEI Polara transmission electron 
microscope equipped with a Gatan post-column GIF 2002 energy 
filter. Tilt series were acquired—covering either an angular range 
of −54° to +60° (Fig. 2c and Supplementary Fig. 2a,b) or, in spe-
cific cases, −40° to +40° owing to spatial constraints (Fig. 2b,d)—
with 2° tilt increments and defocus values ranging from −6 µm to 
−16 µm, for both the embryos and worms. Primary magnifications 
of 41,000× and 50,000× were used, and this resulted in a 4.08-nm 
and 3.36-nm pixel size, respectively. Projection images (2,048 × 
2,048 pixels) were aligned using 10-nm fiducial gold markers and 
reconstructed by means of a weighted back-projection algorithm, 
as implemented by the TOM toolbox software package23. The 
width of the energy slit used for tomographic imaging was 20 eV. 
Images were collected on a Gatan Ultrascan 4000 CCD camera. 
Resolutions of tomograms were estimated from the first zero 
crossing over the CTF and are indicated in the figure panel. Power 
spectra demonstrating the absence of crystalline ice were gener-
ated using the 0°-tilt projections of each of the respective tomo-
grams (Fig. 2b–d and Supplementary Fig. 2c,e). We acquired 
18 tomograms from C. elegans embryos and 5 from adult worms. 
Slices from representative tomograms were displayed in the figure 
panels. Three-dimensional rendering and annotating was carried 
out using the Amira 5.4.2 software (FEI).
19. Strange, K., Christensen, M. & Morrison, R. Nat. Protoc. 2, 1003–1012 
(2007).
20. Hayles, M.F., Stokes, D.J., Phifer, D. & Findlay, K.C. J. Microsc. 226,  
263–269 (2007).
21. Hiramatsu, H. & Osterloh, F.E. Chem. Mater. 16, 2509–2511 (2004).
22. Gruska, M., Medalia, O., Baumeister, W. & Leis, A. J. Struct. Biol. 161, 
384–392 (2008).
23. Nickell, S. et al. J. Struct. Biol. 149, 227–234 (2005).
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Supplementary Figure 1 
Cryo-holder design and overview of the cryo-FIB-SEM procedure carried out on embryos and worms 
(a) The prototype cryo-holder. The attachment slit (black arrow) and shutter (black asterisk) were redesigned to accommodate standard 
EM grids at a 6° angle with respect to the FIB column in the Auriga crossbeam system. (b) The two-piece attachment slit is regulated by
a screw (black arrow head) on the upper component (red arrow head), while the base is freely movable (green arrow head). (c) The 
aluminum shutter envelops the cryo-holder while attached to the tip of the rod of the VCT100 shuttle via a Teflon ring. (d) The cryo-
holder inside the Auriga. (e) SEM image of a well-vitrified embryo. The lamella is flat and no cracks are present. (f) SEM image of a 
cracked embryo. Cracks in the sample (white arrow heads) can be observed immediately upon the removal of the top of the sample 
with the cryo-FIB. (g) Cryo-TEM image of an embryo lamella showing the full dimensions of a lamella used for tomographic imaging. 
White asterisk indicates areas used for focusing and tracking and white arrows show the direction of the Ga+ beam milling. (h) SEM 
image of a vitrified worm (white arrows) after the sublimation of 2-methylpentane. (i) FIB image of the worm lamella (area in between 
white arrow heads) after milling. (j) SEM image of the worm lamella from top showing the full dimensions of the milled area (white 
double arrow) and the non-milled sides (black double arrows). Scale bars represent 2 µm (g), 5 µm (e,i), 10 µm (f,j), and 100 µm (h). 
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Supplementary Figure 2 
Cryo-electron microscopy of gold nanoparticles and CET of vitrified C. elegans worms 
(a) Cryo-TEM image of gold nanoparticles synthesized in toluene and spread on the surface of a plunge frozen EM grid. The grid is
covered by ice contamination that varies both in thickness and size (white asterisk) and shows the markers clustering within this 
contamination (black arrows). (b) Cryo-TEM image of gold nanoparticles synthesized in 2-methylpentane and spread on the surface of 
a plunge-frozen EM grid. Individual markers are evenly distributed along the grid surface and contamination is barely detectable
(compare the areas indicated by the white asterisks). (c,e) 3.4 nm thick tomographic slices acquired with a –16 µm defocus on a worm 
cryo-lamella. Green arrow heads point towards filamentous structures adjacent to the INM, the black arrow points to a plasma
membrane protrusion and the white asterisks indicate the position of NPCs. (N – nucleus, C – Cytoplasm). (d) A surface rendered view 
corresponding to the black-framed area in panel a. Plasma membrane – dark blue, nuclear membrane – pink, ribosomes – gold, NPCs 
– light blue, and filamentous structures adjacent to the INM – green. Final resolution of both tomograms was estimated from the first
zero of the CTF and calculated to be 5.4 nm. Scale bars represent 250 nm (a,b) and 200 nm (c,e). 
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Supplementary Figure 3 
Correlative light and electron microscopy of C. elegans embryos expressing lamin-GFP 
(a) SEM overview of the grid before milling. The embryo that will be milled is indicated by the white arrow. (b) Bright-field-fluorescence 
channel overlay showing the same embryo post-milling, fixed in 4% PFA (white arrow). (c) SEM image of the embryo post-milling. 
White asterisk indicated the area where platinum was deposited inside the cryo-FIB-SEM device to facilitate milling. (d) Bright-field-
fluorescence channel overlay showing bright lamin-GFP signal inside the thicker, non-milled sides of the embryo, and its distribution 
throughout the thin lamella. The white asterisk indicated the area where platinum was deposited (same as in panel c). The bright-field-
fluorescence images (b,d) are rotated approximately 40° clock-wise compared to the SEM images (a,c). Scale bars indicate 200 µm 
(a), 50 µm (b), 5 µm (c), and 10 µm (d). 
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Supplementary Figure 4 
Cryo-FIB milling of Drosophila melanogaster embryos 
(a) SEM overview image of the EM grid bearing 3 D. melanogaster embryos (red arrows). (b) FIB side view of the edge of the embryo 
after several rounds of milling with high currents. (c) FIB side view of the thin lamella after successive rounds of course and fine milling. 
The area underneath the lamella is also cleared in order to facilitate tomographic imaging. (d) SEM top view of the lamella after milling. 
Black double arrows indicate the non-milled slopes surrounding the lamella and the white double arrows indicate the lamella itself. 
Scale bars indicate 500 µm (a) and 50 µm (b–d). 
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